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INTRODUCTION

The development of new materials preparation techniques including
molecular beam epitaxy and metal-organic chemical vapor deposition have
made possible the design of materials at the atomic scale. These
technological developments are making possible a whole new set of

electronic concepts that are likely to be the key technologies for the 1990's
and beyond. Research supported under this contract was aimed at
addressing some of the key questions in this field.

One of the major applications of these new device preparation

technologies is the production of electronic devices that are likely to be

replacements for the standard transistors now employed in the period well

beyond the turn of the century. One version of these is resonant tunneling

devices in which electron waves incident on a double barrier structure are

resonantly transmitted through a central quantum well. This phenomena

leads to a negative resistance and is capable of producing bi-state electronic
devices. Part of the research program here has been aimed at achieving that

subject.

A second major issue that is addressed in this research program is the

possibility for growing various materials combinations in molecular beam

epitaxy or metal-organic chemical vapor deposition. Notably in this work

we attack two major problems. One of them was a study of the role of strain
in determining the quality of epitaxial layers grown in standard

semiconductor systems. Historically, one of the major issues has been the

role of strain in determining the compositional clustering of atoms in thin

films grown by MBE or MOCVD. Other areas of intense interest in growth
are the possibilities of growing heterostructures involving materials with

very dissimilar electronic properties. One of the major efforts of this

program was to attempt to combine superconductors and semiconductors.

Finally, one of the major applications for tunnel structures is in high

speed. Hence one of the principal activities of any research program in this

area is to attempt to make measurements of the high speed transient behavior
of tunnel devices.
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The major contributions in each one of these areas is outlined in the
following sections. For completeness, copies of the publications are
included in the appendices. One of the major outputs of any research
program is the training of graduate students. A list of the graduate students
trained into this program is included in a section just prior to the major
concluding section.

MAJOR CONTRIBUTIONS

Tunnel Devices

Three major contributions were made under this program in the
area of tunnel devices. We made the first self-consistent calculation of the
electronic wave functions in gallium arsenide/gallium aluminum arsenide
interfaces with relevance to tunnel devices. The major issue addressed in
this effort was to obtain the proper wave functions at the interface for
developing a better understanding of the potential profile and the character
of the wave function just prior to tunneling in the tunneling device. None of
the previous workers had actually carried out self-consistent calculations.
We find that there are major modifications in the electronic wave function
and in the potential due to self-consistency. The results of this research are
presented in the paper included in Appendix 1.

One of the major issues in the theory of tunnel devices is proper
prediction of the peak-to-valley ratio. Much of the theory to date predicts
peak currents correctly but has great difficulty in predicting valley currents.
Under the support of this program we carried out a study of the role of
inelastic phonon scattering in determining valley currents. Basically,
phonon scattering processes can effectively broaden the resonance in the
tunnel structure and lead to an increase in the valley current. Theoretical
studies based on the inclusion of optical phonons as well as acoustic
phonons in this process have indicated that the phonon scattering mechanism
can change the valley current by literally many orders of magnitude. The
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details ofthis research are contained in the publication included as Appendix
2.

Another major issue in the development of tunnel devices is to come
up with new materials combinations which can lead to better tunnel device
performance. One possibility explored under the support of this program is
the combination of I-V/HI-VI heterojunctions. Notably systems such as
gallium arsenide/zinc selenide and indium arsenide/zinc telluride are
attractive for application in tunnel devices. In these systems the wide
bandgap II-VI semiconductor zinc telluride or zinc selenide acts as a barrier
layer replacing the III-V semiconductor that has been historically used as the
barrier. The results of this theoretical study are contained in detail in the
paper included as Appendix 3.

One of the major issues in the determination of the performance of
tunnel devices and many other heterojunction-based electronic device
structures is the value of the band offsets. Under the support of this program
we carried out some of the first measurements in our new MBE esca system
of the band offsets for the extremely well-studied gallium arsenide/gallium
aluminum arsenide system. Because of the unique features of having an
MBE connected to an esca facility we were able to study the commutivity of
the band offset for the (100) structure which is the one that is predominantly
used in making devices. The results of this effort are included in the
publication in Appendix 4.

Another area of intense importance in the development of small
device structures is the role of fluctuations. The atomistic nature of all the
materials used in making these devices plus the importance of doping leads
to an inherent role of fluctuations in all electronic devices of this type. One
of the problems being treated under the support of this research activity has
been the role of fluctuations. Notably we were interested in treating the
percolation problem under finite size considerations. The results of this
research effort are included in Appendix 5.

Yet another of the other major areas of interest in tunnel devices is
their high-speed performance. Tunneling times are thought to be measured
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in the picosecond range for these device structures. Under the support of
this program we carried out some of the first measurements of the tunneling
times for the high-speed tunnel devices. Using a novel photoluminescence
technique which measures the tunneling of electrons and holes out of the

central well, we were able to explore the transient behavior of tunnel
devices. The major results of this study are included in a publication which
has been attached as Appendix 6.

Growth

Under the support provided by this contract we carried out two major

studies of growth. First, we carried out a theoretical study of the role of

strain in producing phase separation in epitaxial layers. In this pioneering

effort on our part which has now grown into a full blown activity by a
number of key investigators, we examined the possibilities for strain induced
phase separation in alloy layers grown by the modem growth techniques.
While we found that such a driving mechanism would not be important in
the gallium arsenide/gallium aluminum arsenide system, for other systems it

could lead to substantial phase separation. The details of this theoretical
work are included in Appendix 7, which includes the published paper.

One of the major areas of intense interest is the possibility for growing
superconducting materials on semiconductors and then growing
semiconductor materials back. Successful development of this materials

technology could lead to a whole host of new device possibilities. For
example, highly controlled Josephson junctions could be grown in this
method. The possibility of exploring semiconductor-enhanced transition
temperatures in superconductors would also be explorable with this method.
The incorporation of superconductors in a natural epitaxial way with

semiconductors could lead to a whole new set of device concepts combining
the importance of semiconductor electronic properties with some of the
novel aspects of superconductors. One of the most attractive possibilities for

this is the growth of vanadium II silicon on silicon. Theoretical studies
previously supported by the Office of Naval Research have indicated that

this particular system has a good lattice match between vanadium IM silicon
and the silicon substrates. Hence one might hope to be able to grow this
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system in an epitaxial fashion. However, there are some inherent
difficulties. Notably the desire to grow a metal-rich, that is vanadium-rich,
phase on top of a semiconductor or vice-versa in a very thin layer suggests
some difficulties.

Under research provided by this contract we were able to demonstrate
the growth of vanadium III silicon on silicon substrates. During this study
we were able to obtain thin layers of vanadium mI silicon on silicon
substrates for superconducting transition temperatures close to those of bulk
vanadium III silicon. The various parameters governing the growth of these
superconducting layers on semiconductors were explored. While the
materials to date have not been single crystal but have consisted of relatively
small grain polycrystal in vandium III silicon, the success of growing a
superconducting metal-rich on top of a semiconductor is a major step in the
right direction. This set of experimental results is included in the papers in
Appendices 8 and 9.

GRADUATE STUDENTS TRAINED INTO THIS RESEARCH
PROGRAM

The support provided by this program made substantial contributions
to the training of five Ph.D. students. Their names are Alice Bonnefoi,
Wesley Boudeville, Matthew Johnson, Yasantha Rajakarunanayake and
George Wu. Each of these students is continuing to make contributions in
their own scientific environment.

CONCLUSIONS

Under the support of this contract a number of major contributions
were made to the development of nanostructures for microelectronics.
Fundamental studies of growth have led to a better understanding of the role
of strain in epitaxial layers grown on semiconductor substrates. The
possibilities for growing superconductors on semiconductors and vice-versa
have taken a major step forward with the successful growth of vanadium Ill
silicon on silicon. The basic theory of tunnel devices including the role of
phonons and self-consistency has been explored. New device structures
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based on the combination of rn[-V and 11-VI semiconductors have also been
examined.

Research provided under the support of this contract has made a
substantial contribution to the development of microelectronics into the turn
of the next century.
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Self-consistent solutions of electronic wave functions at GaAs-Al.Ga 1_,As
interfaces

Y. Rajakarunanayake and T. C. McGill
California Instnrate of Technology, Pasadena. California 91125

(Received 23 March 1987; accepted 23 April 1987)

We report the first study of the self-consistent electronic wave functions at a heavily doped
GaAs-Al,,Gal-,,As interface. The doping densities in the GaAs are between 10"7 and 1019
cn- 3. These doping densities are characteristic of tunnel structure devices. The Schrdinger
equation is solved self-consistently in the Hartree approximation. Some of the more important
results of our calculations include the fact that there is only a single subband level in the well for a
wide range of biases. This level is also fairly loosely bound (bound by a few meV) in spite of the
fact that the notch at the interface is on the order of a 100 meV. In accumulation layers, the
potential at the interface is somewhat simllar to the non-self-consistent one. However, in
depletion layers the self-consistent potential can be substantially different from the one obtained
in the Thomas-Fermi approximation.

I. INTRODUCTION tures when a potential bias is applied. Right from the begin-

In this paper we have studied the self-consistent potential, ring, we can isolate the two interfaces of the barrier and

and the associated electronic wave functions that exist at study each side separately, since the coupling between the
heavily doped GaAs-Al.Ga 1 _ As interfaces. These inter- two sides is exponentially small as far as the electrostatics of

faces occur very commonly in single-barrier, and double- the problem is concerned. Here the conduction band dec-
fbarre r herrcmreso made ofse- a, and ble- trons of the heavily doped GaAs at the r point are allowed tobarrier heterostructures made of Ga.As and
Al. Ga, _As." For example, let us consider a sile bar- rearrange themselves to provide the screening of the external

s- electric field. The motion of these electrons are assumed to
tier structure which consists of GaAs electrodes and a be described by a simple effective mass Schrdinger Hamil-
Al, Ga __ As barrier. To describe the tunneling of electrons be Sce by r sint f G Ass s ch r -
through this barrier, we have to study the response of GaAs toian. Since the r" point of GaAs is isotropic, we can char-
electrons to an applied voltage bias. When the applied-dec- acterize the effective mass m by a simple scalar qumanity.tic field is perpendicular to the interface, accutmulation and In the Hartree approximation, each electron moves in the

tricfied i pepenicuar o te iterace acumuarier an average electrostatic potential produced by all the other con-depletion layers are formed at the interfaces of the barrier electrosathoenifr prosied backgron
either side. With the self-consistent theory developed here, duction eectros, and the uniform positive background due

we are able to account for band bending and the details ofthe to the ionized donors. However, the forces acting on the

screening charge near the interfaces. These self-consistent electrons can be separated into two categories. The first cate-

._ - solutions given here are of major interest because band bend- gory is the coulombic electrostatic forces that are accountedcorrectly by the Hartree term. The other category is the ex-
inhg plays a major role in determining the tunneling current chng an corliosocs htaiedet the testc
and other device properties.3'- C

"3  change and correlation forces that arise due to the statistics

The first part of this paper discussesthe details of the ofspin Fermions.Inprincipletheseexchangetermshaveto
be included in the Hamiltonan to correctly descbe the

model, and the important elements ofsetion of the electrons. However inclusion of these terms usual-
calculations. In the next part we discuss the results obtained ly constitutes a man-body problem, and aot be ade-
for accumulation layers, and depletion layers separately. 'bed by an independent electron pictur The

Torpeettvacuuainlyradtodepletion qutydecidbyaineednelcrnpcr.Th
Two representative accumulation layers, and two strength of the exclmnge-correlation force compared to the
layers are studied in detail to explain the general features of-. the solutions. For each of these cases, the corresponding electrostatic force depends on the parameter r, of the medi-

um. Here r, is the interelectronic spacing expressed in the
wave functions, carrier densities, and the potentials are n-

wave . -. units of the effective Bohr radius. Thus for heavily doped
cluded in the figures. One of the aims of this paper is to '  mtis i th hih ecri ca ts a low efv ematerials with high dieetric constants and low effective
compare the merits of the Thomas-Fermi theory versus the m
elf-onsistent theory. Thus the corresponding Thoas- i" ,ant Fortunately, heavily doped GaAs has a small effective

Z---.Jermi results are also discussed along with those of the self-
consistent theory. The last section of this paper constitutesii mass and a large dilectric constant, and thus we can be

2 s aa l contented with only including the Hartree term ofthe pote6-
_. . .bifsmaotemjrrsltial in the Hamiltonian. The various approximate methods

available for estimating these exchange and correlation po-

11. DESCRIPTION OF THE MODEL tentials as functionals of the local-electron density, that go

In our investigations, we have used the self-consistent under the name of "density functional methods" will not be
Hartree model 9 to treat the accumulation and depletion discussed here. 2 We have also ignored the electrostatic im-
layers that are formed in GaAs-Al, Gal -, As heterostruc- age forces that arise near the interface due to the difference in

1288 J. Vac. ScL Technol. 5 (4), Jul/Aug 1987 0734-211X187/041288-0701.00 L 1987 American Vacuum Society 128



1289 Y. Rajakarunanayake and T. C. McGill: Self-consistent solutions of electronic wave tumclons 1289

the dielectric constants of the two materials, functions are a product of these envelope functions, and the
In our model the Gaks-Al. Ga, - As interface is as- appropriate microscopic Bloch functions. We have mea-

sumed to be sharp. This eaables us to treat the potential seen sured the energy Ek of the electron also with respect to the
by the conduction band electrons of GaAs near the interface zero of the potential. If we introduce q = k, to simplify the
as a simple potential step with the appropriate magnitude of formulas, then we can write
the conduction-band offset. The band offsets that occur in I
our structures are usually about 200 meV. This corresponds Ek = 2m (k +k +
to an Al.Ga. _.As layer with a value of x=0.3. We have
also limited our attention to degenerately doped n-type where

GaAs electrons, at zero temperature. However a similar h2q frk
analysis can be performed on p-type semiconductors, and Eq = 2m* 2m*
other direct gap materials, with only minor modifications to
account for the finite temperatures. The effective mass of

Schrbdinger equation gives us the familiar one-dimensional
GaAs used is m z 0.0 6 5m,, where m is the bare electronic Schr6dinger equation
mass. The effective mass of Al. GalAs used is Schr2dingerequation
m*=0.092m,. The backzround material (filled-valence h2i d+
electrons and ion cores) is assumed to be passive except to 2m* dZ qq

provide the uniform dielectric constant of the medium. In When we solve this equation for positive energy by the
GaAs E = 13. 1eo, where e is the permittivity of the vacuum, above-described method, we consider incident waves in-
In Al. Ga, _, As e= 12.2-- pinging on the barrier from infinity, that reflect back from

The potential V is chosen to be zero far away from the the barrier with only a negligible transmitted component.
interface, on the GaAs side. When the GaAs is attached to The boundary conditions are such that the exponentially in-
the negative electrode, electrons see an attractive potential, creasing solution in thebarrier is discarded. At the interface,
near the barrier. Thus an accumulation layer forms, and the we have also matched the boundary conditions that the cur-
potential is lowered below zero at the interface. However, rent and the amplitude of each wave function be the same on
when the GaAs is attached to the positive electrode, then a both sides of the interface. The incident and the reflected
repulsive potential is formed at the barrier. In this case a waves interact to give solutions of the form which have the
depletion layer is formed and the potential is raised above asymptotic forms, 0,b.* - sin2 (qz - 71), far from the bar-

zero near the barrier. We have chosen the z axis to be perpen- rier. The normalization of these continuum states have to be
dicular to the interface. Thus, taking into account that there done with considerable care. Thus we introduce a macro-
is no variation of the potential in the x-y plane, one can scopic normalization length L, and a cross-sectional area A
readily reduce this problem into a one-dimensional one. for the bulk of GaAs inthe tunnel structure, and let L - oo at
However, in matching the boundary conditions at the inter- a later point of the calculation. Then we choose
face, the parallel component of the wave vector of each elec-
tron k j is assumed to be conserved across -the interface. 0(z)-1-- sin(qz- i)

When solving the self-consistent problem in the accumula- as z-- o. Each state 0, (z) we obtain is the only allowed
tion rcgion, one also has to consider the bound states that can. linear combination of - q and - q states. So we have to sum
occur in the potential well. only over one-half of the Fermi sphere with q > 0 to obtain

In a typical self-consistent iteration scheme, we start with the charge distribution. When there are bound states, we also
a guess for the form of the potential, and solve the one-di- normalize their wave functions bb (z) by the condition
mensional Schr6dinger equation. From these solutions, we -

then compute the charge density due to all the other conduc- Jo 1 (Z) b (z) dz = I
tion electrons, and the positive background. Using the
charge density computed in the last step, we next solve the for each bound state. Defining

Poisson equation to obtain anew potential. The details ofthe .q (Z) = 1 /L Pq (z)
various schemes used to achieve the convergence will not be
discussed here. 'o A simple-minded scheme that works with we can write the cont on to thecharge density fromthe
considerable success is to modify the input potential by feed- mobile states as - -.

ing back a fraction of the difference between the output and. 2e

the input potentials of the last iteration." We have found that . o, (z) = ( - ,--,,, z
an exponentially decaying potential with the appropriae after dividing out by thefactorA (cross-sectional area). In-

Thomas-Fermi decay length works as a very good initial trod
guess for starting the self-consistent iteration scheme. ca re

In this section, we illustrate the solution of the Schr6- , (z) = -ek (1 -u 2 )p (z) (z)du

dinger equation in the effective mass approximation, for a 21rZ"
guess Hartree potential Y(z). With the above assumptions, Thus in the large z limit since the average value
we can write the wave functions for this problem as. (q(z).(z)) = 1, we immediately recover the negative of

O(z)e'klek9. The resulting solutions, O(z) are the set of en- the background doping densityp,, giving a net charge den-
velope wave functions, in the z direction. The actual wave sity of zero at large distmces away from the barrier. Here

J. Vac. Sc1. TechnoL 3, VoL 5, No. 4, Jul/Aug 1987
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ek F GaAs Accurnulation Layer (a)

for uniform doping. Similarly for bound states,

-ek~ ~ E,\'is,

F 1'z~bz 7meV

where n is the number of bound states in the well. Here E is 0v_=-.v

the energy of the ith bound state, measured with respect. to Dp.- 50m3Doping 1018ra-
the zero of the potential Thus the total charge on one side .. ........
per unit area is 0 100 200 30

Distance(Q)
Q -- [pb. (z} + pmo (z) + pb.(z)]dz

*2f p,o, (z)dz.

Notice that it is proper to let L - c here because at this point
of the calculation all our formulas are expressed in terms of
quantities independent of L. This excess charge Q per unit
area is negative in accumulation layers, and positive in deple- vi=-50.omV
tion regions, and is in fact a boundary condition of the prob- Doping=10 7c- 3

lem. Now in order to find the potential, the total charge 0 100 200 300
densitypo, (z) is pluggedinto the Poisson equation and inte-
grated,

FiG. 1. Representative wave functions of accumulation laye_ VD is the
d: e

V(Z) = - pr (Z). ntential drop in the Gas layer. Note the decreas are amplitude of 0*dz near the barrier. The respective energies of the electrons are iadicated in
meV. These curves are normalized to have an asymptatn, form ofUsing v(z) is different from t if a self-consistent solution 2 sin

2
(qz - ) far away frm the barrier. The energies are measured with

is not found. Thus we iterate this scheme with different respect to the conductin band edge at infinity.
guesses V(z), until the self-consistency condition
V(z) sv(z) is satisfied to the desired numerical accuracy.

Ill. RESULTS bound states in the well would be small. The discovery thatn = I verifies this hypothesis and further indicates the im-
A u i oportpnce of using a self-consistent model.

One important feature that we discovered in our calcula- In Figs. 1 (a) and 1(b), we have shown the accumulation
tions was that there is only a single-bound state in the GaAs- layer self-consistent wave functions of two typical unbound
Al. Ga, _., As accumulation well for a wide range of applied states. The doping density is 10' cm-3 in Fig. 1(a) and l0 7

biases. This observation was confirmed for doping densities cm-3 in Fig. 1 (b). These are the wave functions of the mo-
ranging from 10i" to 10' cm -3, when the applied potential bile states when a potential difference of VD is allowed to
drop in the layer was between 50-100 meV. We have also drop in the GaAs layer. In the graphs, the normalization of
found that this bound state is very loosely bound. The typical these states is done in such a way that far away from the
binding energies that we observed usually amounted to < 20. barrier the value of q approaches 2 sin2 (qz- /). This
meV, and were about 5%--15 % of the well depth. In retro- normalization scheme allows us to compare the relative dis-
spect, the evidence that there is only a single-bound state tortions that occur in each wave function as a function of
makes the application of the semiclassical theory to this energy and distance. In all these graphs, we definitely see a
problem invalid. The Thomas-Fermi semiclassical theory of 'lack of negative charge near the barrier. The decaying expo-
screening is valid only in a regime where there are a large nential tail of these states gives rise to the tunneing current

welTi s ista alo hs ttsgve iet~h unln urnnumber of bound states in the well. This isthe assumpi on on the other side of the barrier. Thus it is very important to
that enables one to incorporate the extra bound electrons" knowthe amplitude of these wave functions at the interface
into the Fermi sea. The Wentzel-Kramers-Brnouin - to accurately account for the tunneling current. We also see
(WKB) approximation for eigenvalues predicts that the that, as the energy of the electrons is increased, their'distor-

- number of bound states in a semiclassical well is given by"- tions from plane wave states is reduced. Thus the low lying
Sconduction-band electronic states are the ones that are most

|•. :z distorted by the potential. Each solution here is constructed
Iv with an incoming wave and a reflected wave that is almost

Thus we see that the number of bound states n%-4m. We exactly in anti-phase with each other. (The phase difference
could then argue that, in the GaAs system with a very small would be exactly a- if the barrier was infinite.) The definite
effective mass, one has to use a self-consistent model instead phase difference between these two waves plays an impor-
of the Thomas-Fermi model since the number of expected tant role in giving rise to a self-consistent charge density that

J. Vac. ScL TechnoL B, Vol. 5, No. 4, Jul/Aug 1987
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C Accumution Layer ....(a) charge density is shown as the dashed curve denoted

+" .-"... ."mobile + background." Thus when we are sufciently far
. away from the barrier, the mobile state charge density and

the positive background cancels each other out to give a neu-

tral medium. One noticeable feature of the mobile state
charge density is that it is depleted near the interface. Thus

" C .the dashed curve has a net positive charge density due to the
V -50.mV dominant positive background nar the interface. The rea-

0 Dopinq 101 cm 3

_ A _... _ ._ K_°_ " son for this lack of charge very near the barrier can be under-

0 100 200 oo stood in terms of the boundary conditions that dictate expo-

0istonce(A) ' nential decay of the wave function inside the barrier. Thus,
in accumulation layers as well as in depletion layers, the

5 (b) interference of the incoming and the reflected waves pro-
" s Aumanduced only a small amplitude of the wave function at the

r4a-bi + Back ,rw barrier. This is one of the major contrasts to the Thomas-
b, 0 Fermi theory of screening which predicts a charge density

, that also dips down to a maximum negative value at the
interface. Figures 2(a) and 2 (b) clearly show this difference

-5 between the charge densities of the Thomas-Fermi and self-
- ) 0 vconsistent models. However, another reason for the lack of

____ n____ charge is that the mobile states have to be orthogonal to the

0 100 200 300 bound state in this region. Thus, the presence of the bound

0istonce(A) state in the well expels the mobile state electrons further
2 rd haway from the well causing a lack of charge (a hole-like

Fig. 2. Corresponding carri er densities obtained from the wave fuctionsof state) in the vicinity of the bound state. This is purely an*Fig. 1. The self-consstt (SC) carrier density is the sum of the two curves

mobile + background, and bound carrier densities. Notice that the self- effect due to the orthonormalization of the mobile states
consistent curveis very different from the Thomas-Fermi Prediction-Th with respect to the bound state. Both these effects gives rise
is an excess ofnegative carries 5.7 X10" cm-2 in case (a) and4.9x 10" to depletion of the mobile electrons away from the well re-
c m -I in case (b). gion even in the accumulation layer. These curves also un-

dergo abrupt jumps as they cross the barrier and enter the
. undoped ALAs side. This is merely an artifact of the disap-

has Friedel type oscillations. However, when a scattering pearance of the background positive charge as we go from

event occurs, the phase difference between these two waves the doped-GaAs side to the undoped-Al Ga1 _ =As side. We

would be randomized. Thus scattering would lead to an ex- are also able to observe the fraction of the electron charge

ponential decay in the Friedel oscillations of charge density. density that has penetrated inside the barrier in these curves.

The length scale of this phenomenon can be estimated by The solid curve denoted SC (self-consistent) is the sum of

. assuming that scattering at low temperatures is predomi- the charge densities due to the positive background, bound

nantly charged impurity scattering. Realistically we can rep- electrons, and the mobile electrons, and is proportional to

resent iqv/g l -cos(2qz- 2 71)e - A in this case. Thus pt (z). This is the charge density that is used in the Poisson

the definite phase relationship due to the reflection frcm the equation to determine the self-consistent potential. Another
barrier would decay beyond a typical scattering length n interesting feature of the self-consistent charge density curve

away from the barrier.A calculation we did with a crude inFig.2(a) is that there is a dipolelayer at the interface that
model suggests that -1/k-. As these figures also illus- has an extent ofabout 20 A on each side. However, inthelow

trate, higher energy electrons penetrate more into the bar- dopingeaseofFig.2(b), we do not see the formation of such

" ier, and thus would play a more important role in current a dipole layer. The excess negative charge that produces the
.-- conduction. "dip in the potential mainly comes from the bound state. The

"In Figs. 2(a) and 2(b) the dashed curves dnoted by bound state charge density in this region is 2-5 times the

. -'bound" shows the bound state contribution to the charge magnitude of the background doping in Fig. 2(b). By com-

- density. All curves shown here correspond to the wave func- paring Figs. 2(a) and 2 (b) we also see that the relative im-

- tions of Fig. 1. This bound charge arises from the twodi- portance of the bound state in accounting for the charge

mensional subband of electrons that is bound in the Ga s density is greater in the low density -3'7 cm- case than in
'accumulation well. This curve also resembles the shape of the high density 101 cm - case. -

- -. the wave function , of the N,-ind state, since these two In Figs. 3(a) and 3(b) we see the potentials correspond-

-. quantities are proportional to each other. The average spa- ing to the wave functions of Fig. 1, and charge densities of

tial extent of these bound states is about 200-300 A, and the Fig. 2. The exceptional closeness of the self-consistent poten-
S1- peak of the bound statecharge density occurs around 50-100 tial and the Thomas-Fermi potential is indeed surprising,

- These states show the expected trend that smaller binding considering that the resulting charge densities are quite dif-

energies results in states that have a larger spatial extent The ferent. One way of understanding this is to say that, the ijres-

mobile state charge density plus the positive background ence of the bound state in the well alters the unbound states

i v V. S L TochnoL B, VoL 6, No. 4, Jul/Aug 1987
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* FiG. 5. Corresponding carrier densities obtained from the wave functions of FIG. 6. Corresponding potential for Figs. 4 and 5 above- N~ft that in deple-
Fig. 4. The seif-consisrent (SC) carrier density, and the-Thomnas-Fermni tion layems the seif-conssent and Thomas-Fermni potentials can look very

(TF) carrier density are quite differeni Notice also the character of the different from each other.s illustrated in case (a). The applied potential
long range oscillations of the selk-onsistent charge density. T7here isa defi- drop is 20 mV in (a) and 40OinV in (b).
ciency of negative carriems 9.OX 10V cm -2 in case (a) and 2.2x 1012 c-2

in case (b).
between these two curves is worse in depletion layers than in

nential decay envelope although their amplitudes are small. acu lainayr-Teeso for this difference is the

physical point of view the long-range oscillations in'th one. In fact, the screening charge decays in the Hartre case

screening charge arises from a sharp Fermi surface. The rea-inespo rlaasd-
son is that it is not possible to construct a smooth function cussed above. We also discovered that the Thomas-Fermi
free of oscillations with the restricted set of waves q < k, solution lies above the self-consistent solution in highly

Thus, the screening charge will always exhibit oscillaions~ doe cseand below the self-consistent solution in lightly

approximately at 2k,, twice the cutoff frequency. The self- doped cases
-consistent screening charge also has a decay envelope that - IV. CONCLUSION

Kdies as an inverse power law, in contrast to the Thomas-
Fermi result that predicts an exponential decay rate. How.- In conclusion, we see that the Thomas-Fermi theory is
ever, at finite temperatures, these Friedel oscillations die out quiie good at describing the potential in accumulation layers
with an exponential factor proportional to kB T. Thus, in real although it does a poorjob at describing the charge deiisities.
systems at finite temperature, the significance of these osciI- Our *result, indicate that by assuming the actual potential to
lations is negligible- The figures compare the self-ostn. be given by the Thtunas--Fermi form, and solving for its ei-
charge density with the Thomas-Fermi charge density. In -genstates and eigenvalues one can obtain answers that are
the fully depleted region which occurs in Fig. 5(b). thtes very close to the seff-consistent ones. Thus, calculating- the
two charge densities resemible one another. However, in the' charge density from the wave functions of the Thoinas-Fer-
region beyond this the difference is significant. This is masin:-. mi potenta is quite adequate 'for. derbingth icrrent

y due to the difference in the long-range screening proper- ..,- through the device, and calculating'the psion' f the
ties predicted by the two theories. There is also no apparen bonhees ece n osntaveog og a full
dipole layer on this side of the barrier unlike in the accumu- blown numerical self-consistent dalculation tio obtain rea-
lation layers. . - sonable results for the accumulation *layers. On the other

In Figs. 6 (a) and 6(b) the self-consistent potential corre- hand, the potential and charge density of the depletion layers
sponding to the wave functions of Fig. 4, and the chre can be quite different from the self-cnssentoean has to
density of Fig. 5 is shown. The self-consistent potential and be treated more carefully. The results of this study also indi-
the Thomas-Fermi potential for the depletion layers can be cates that there are no other electron levels in the well of the
significantly diffecrent from each other. The agreement -accumulation region, except for a single loosely bound level.

J. Vae. SC. TechnOL M, VOL S. No. 4, Jul/Aug 1087
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Effects of barrier phonons on the tunneling current in a double-barrier structure

G. Y. Wu and T. C. McGill

T. J. Watson. Sr. Laboratory of Applied Physics, California Institute of Technology, Pasadena, California 91125
(Received 27 August 1987; revised manuscript received 20 May 1988)

The effects of AlAs acoustical and optical phonons on the tunneling current in an ideal GaAs-
AlAs-GaAs-AlAs-GaAs structure are discussed. The transfer Hamiltonian method was extended to
inelastic tunneling current in a double-barrier structure. It is found that the current off resonance
in the Tsu-Esaki model could be enhanced by orders of magnitude by indastic tunneling due to the
coupling of electrons to barrier optical phonons. The contribution to the current due to the
deformation-potential coupling of electrons to barrier acoustical phonons is found to be much less
important.

Semiconductor heterostructures involving GaAs and phonon-induced inelastic tunneling in a double-barrier
AlAs have been the subject of both theoretical and exper- structure. For illustration, we shall consider the zero
imental studies) -8 In GaAs-AlAs-GaAs-AlAs-GaAs temperature case where only phonon emission is possible.
structures, AlAs layers act as energy barriers while the In this case with proper approximations, we obtain
middle GaAs layer acts as a well. Of particular interest analytical expressions which shed some light on the im-
are GaAs-AlAs-GaAs-AlAs-GaAs double-barrier struc- portant effects of inelastic tunneling. These effects
tures which are specifically doped as n-i-i-i-n. Observa- change I-V characteristics for a double-barrier structure.
tions of resonant tunneling of electrons through double- We treat a standard double barrier structure consisting
barrier structures have been reported.' Tsu and Esakil of a layer of GaAs followed by a barrier of Ga1 _-AlAs
have theoretically treated the general case of electronic followed by a well of GaAs followed by a second barrier
tunneling through multiple barriers. In the double- of Gal-,.A1,As followed by the contact layer of GaAs.
barrier case, resonant tunneling was shown by them to The interfaces between the layers are at x 1 , x 2, x 3, and
give rise to a current maximum (Jp-k) at the voltage bias x 4, respectively. The barrier height (the conduction-band
(V,,) where the Fermi sea of an electrode is aligned in en- offset) is taken to be 55% of E'At4-E G

s, the band-gap
ergy with one of the quasibound states in the GaAs well. difference." The cross-section area is A. Each electrode
The current drops very rapidly at other voltages. Subse- has the thickness L. The effective mass of the electron is
quent works have refined the theory for calculating the taken to be m * whether in GaAs or AlAs. The left bar-
barrier transmission (T) and current-voltage (J-V,) rier and the right barrier are taken to be equally thick:

characteristics. 3 - 6 Typically, the peak current they cal- dI =d 2 =d. w is the width of the well. The voltage bias
culated agrees with the measured value. However, the V. is such that the lowest quasibound level E, is lower in
measured valley current is greater than the theoretical energy than the conduction-band edge of the left dec-
value by at least I order of magnitude. Recently, Frens- trode.
ley has employed a transport theory approach which in- We use the transfer Hamiltonian method proposed by
cludes losses! However, all of these theories only consid- Bardeenlo and extend the method to treat the inelastic
er elastic tunneling. On the other hand, Tsu and Dohlers tunneling of an electron through the excitation of an
have considered inelastic tunneling assisted by the well AlAs phonon. We choose the states #, and #1 so that 4',
phonons. In a recent study of GaAs-AlAs-GaAs struc- is matched to the correct solution for x :x 2 bat decays
tures, Collins, Lambe, and McGill9 reported the observa- in the region x <xl instead of satisfying the wave equa-
tion of inelastic tunneling of electrons. In such tumneling, tion, and, similarly, 4'1 continues to decay for x > x7.

the excitation of AlAs phonons could take away finite Then 0, is a correct solution for the Hamiltonian H for
amount of energy and momentum from the tunneling x >x, and 4' 1 is correct for x <x 2. With WIKB approxi-
electron. Hence, the total energy and the tzansverse mation we ha
momentum of the tunneling electron are no longer con- I _L ha2e
off resonance by orders of magnitude in the Tsu-renk *r(x)-- e I lsin(kgx + ), x.5x,
served. As we shall show, they could enhance the current AL
model. This suggests the importance of the inclusion of I / e -(X-X) (1)
inelastic tunneling assisted by barrier phonons in calcula- e()- eh
tions such as the self-consistent analysis of Onishi et al. 6  #'(x)= I j

Here, we present the first theoretical study of the ik

effects on' the tunneling current in a double-barrier struc- -e--x)W, x X
ture due to the electron interaction with barrier phonons.
The transfer Hamiltonian method proposed by Bardeenl0  where k, is the wave vector of the electron in the left
originally for the treatment of the tunneling of electrons electrode, iK1 is the imaginary wave vector in the left bar-
through a single-barrier structure is extended to calculate rier, and X 1(x) is defined in the equation. Similarly,

40 9969 01989 The American Physical Society
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I 2 I ik

'P,(X)= 1 e sin(krx +y,), X >X4

112, /2 iz -x,(x-xj 2

t 2 = e _
,(X)-- AL K [sin(kw)]2e _22+[4cos(k w)]2e2dzi/2

1/2

A e LJ ikXX, x <xz

where k, is the wave vector in the right electrode, iK, is cies, respectively. Other kinds of electron-phonon cou-

the imaginary wave vector in the left barrier, k. is the pling, piezoelectric coupling for example, are much weak-

wave vector in the well, iK2 is the imaginary wave vector er and much less important.1 2 They are not considered

in the right barrier, and X,(x) is defined in the equation. here. The transition rate can be calculated easily by the

The electron-phonon coupling in the left AlAs barrier application of Fermi's golden rule. The temperature is

gives arise to the interaction Hamiltonian taken to be zero to simplify our analysis; hence, only pho-

non emission needs to be considered. The inelastic tun-
forHt 1 [(a~q.r +aqxeq-r) (3) neling current isHae-ph = / D r  2PvV AIA s (qL al 3

j 41re
inel=  E I M 1 2f(Ek)

for the deformation-potential (DP) coupling due to the we k k.1

longitudinal-acoustic (LA) phonon mode qX., where q is X[-f(zk.)]5(Ek+eVa-k,-W)
the phonon wave vector and I specifies the polariza-

tion.' 2 Here, Dr is the deformation potential for r- (5)

valley electrons, p is the density, o, is the sound velocity
in AlAs, and VtA is the volume of the left barrier. On where fa is the phonon energy, 6k and £k' are the kinetic

the other hand, energies of the electrons in the left and right electrode,

1/2 respectively, and Mis the matrix element. Here, k and k'

S- - -VAtA C E0 trodes, respectively, and f(E) is the Fermi distribution

X (a - E,-r Efunction. The general expression for J.d at a finite tem-

x aoe-iq~raqei'r) (4) perature may be derived with the use of many-body
theory. Bennett et al. 12 have given the derivation of the

for the polar-optical (PO) coupling due to the" formula for the single-barrier case. We do not attempt to

longitudinal-optical (LO) phonon mode qX. 12 Co and E treat finite temperature case, however. Replacing I with

are the dielectric constants at zero and optical frequen- f, we have

(2r) 2T? 21r)3

..;rX8(k -k.-qg)(2wr)8(Ei,+eVa--,'- A) (6)

* - n I .

Here, we have "'- a process would be dominant. It turns out that for PO

-e )cop ling, we have

for PO coupling, and 2Aem I2 d , e levv.E -

'.1 - (8)2ir 3 i 2. U, =Dr(fiq 2pv,)"2 (8

.'. for DP coupling. Tis the overlap integral Xe -I(1/ 0 - I )tan( 0 0)
-. ,:: T(q;kt,k' )--_ e" X'X, dX." " :')

T~q, X~d*(9)
I ..' -. For DP coupling, we have

Suppose now the electron is scattered into ihe quasi 2Aem* 2d2 _. ,'i"'& EZ ak DT.A

bound level, then #, in the left barrier would be enhanced j1 1 ,2 e2 e

by the exponential factor e raa2. This can be verified by (21r)3 ftko 2 2v2 2pos

setting cos(k~w) to zero in Eq. (2) when near resonance. X Id1-1 (d-2+q2)1/2+q osinh- [(qodj -1]J .

This would in turn increase T by the same factor. There-

fore, the contribution to the inelastic current due to such (11)
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Here, Eb is the zero-bias barrier height, Ko times as large as the elastic one.
=(2m*Eb/f 2) 1

2 , Vb=2Eb/xtcdI, and qo satisfies In Fig. 2, we plot the upper limit of the ratio of the res-
2q 2 /2m= e V./2-fiw-El. onant current, which occurs at V, =0.3 V, to the current
We now compare contributions to the current from the at V. =0.4 V, which occurs off resonance, versus barrier

elastic and the inelastic process. We consider only the in- thickness. The dotted line is obtained with Tsu-Esaki
elastic process induced by PO coupling or DP coupling, model,'2 which includes only elastic process. In that
Inelastic processes induced by other couplings will fur- case, the ratio shown here is equal to the peak-to-valley
ther increase the inelastic current. Therefore, the inelas- ratio of the J-Vcurve. The solid line is obtained with in-
tic current we consider here is a lower bound of the actu- elastic tunneling included. The peak current is mostly
al value. However, even without a complete knowledge due to the elastic tunneling, since, at resonance, the elas-
of the inelastic current, we can still demonstrate the tic current is much larger than the inelastic current. The
dramatic change in order of magnitude of the current current off resonance is largely due to the inelastic tun-
which is due to the inelastic processes. neling, since the inelastic current is much larger than the

In Fig. 1, we plot the lower limit of J~00, 'd, the ratio elastic current, as shown in Fig. 2. The ratios shown by
of inelastic current to elastic current, versus barrier the two curves are comparable for thin barrier cases.
thickness for biased symmetric structures with w=50 A, However, as the barrier becomes thicker, the solid curve
Ef = 50 meV, and V, = 0.4 V. Both LO and LA phonon- only varies slowly, since both J,.k and J-,,n. have same
induced effects are shown. For thin barrier cases where exponential dependence. For barrier thickness equal to
d=20 A, polar coupling induces an inelastic current 40 A, magnitudes of the two ratios differ by 7 in the natu-
comparable to the elastic current. As can be seen, ral log scale. The theory with the inelastic process in-
deformation-potential coupling has much smaller effects cluded predicts a much smaller value of ratio for thick

Ibarrier cases.than polar coupling. The reason is that the PO coupling
is much stronger than the DP coupling. We may neglect
the contribution from DP coupling in comparison to that
from PO coupling. Effects of both coupling increase as

._ the barrier becomes wider, due to the exponential
enhancement in the right wave function ,. For the 20
thick barrier case where d=40 A, polar coupling even
gives rise to an inelastic current which is a thousand
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20 shown for the region from E= 5 meV to E= 50 meV
corresponding to dopant density from 1017/cm 3 to
1018/cm 3 currently used in the tunneling experiments.
We see that both curves behave similarly as the Fermi en-

16 ergy changes. The difference between them is maintained
through the Fermi energy range of interest. This shows
the importance of the inelastic process for both low and
high doping cases.

In summary, the inclusion of the inelastic tunneling in
. 12 the theory for double-barrier structures is very impor-

tant. We have studied specifically the inelastic tunneling
induced by phonons. Two types of coupling have been
considered. The PO coupling is much stronger than the

8 deformation-potential coupling, and hence the current in-
duced by PO coupling is much larger than that by DP
coupling. Because of similar reasons, we expect the effect
of piezoelectric (PE) coupling also to be negibile in com-

4 parison to that of PO coupling.

- Inelastic Tunnelin The electron-phonon interaction induces a channel
through which the electron can tunnel much more readi-

- Elastic Tunneling ly than through the elastic channel. With the excitation

of a barrier phonon, the electron can utilize the quasi-
0 bound level to tunnel through the barrier. The inelastic

0 0.01 0.02 0.03 0.04 0.05 resonant tunneling enhances the current off resonance by

FERMI ENERGY (eV) orders of magnitude. The effects are best reflected in the
FIG. 3. The upper bound of 1k 1J-a-, the ratio of the big difference between the magnitudes of current ratios

peak current at V-0.3 V (at resonance, the peak in the which are predicted, with and without inclusion of

current-voltage case) to the current at V, =0.4 V (off resonance, electron-phonon coupling, in the simple model of Tsu
the valleyin the case of tand Esaki . We expect the inclusion of inelastic processes

the case with inelastic processes) vs Fermi energy for the sym- to be important in any refined theory such as the self-

metric structure with a barrier thickness of 40 A and a well consistent analysis of Ohnishi s or Frensley's transport ap-
width of 50 A. proach. 7 Other mechanisms such as impurity scattering

could also be critical to current transport in a double-
barrier structure.

In Fig. 3, the upper bound of the ratio is shown versus
Fermi energy for the symmetric structure with d=40 A
and w= 50 A. The solid curve includes contribution from The authors gratefully acknowledge the support of the
the inelastic process and the dashed curve includes only Office of Naval Research under Contract No. N00014-
contribution from the elastic process. The curves are 84-K-0501.
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III-V/II-VI double-barrier resonant tunneling structures
E. T. Yu and T. C. McGill
T. 1. Watson. Sr.. Laboratory of Applied Physic California Institute of Technology,
Pasadena. California 91125

(Received 7 March 1988; accepted for publication 29 April 1988)

GaAs-Zn-e and InAs-ZnTe double-barrier resonant tunneling devices are proposed and
analyzed theoretically. These structures would provide a novel way to study mixed III-V/II-VI
materials systems and growth techniques, and may also yield devices that are faster and have
greater peak-to-valley current ratios than GaAs-AIGaAs tunnel structures. In the GaAs-ZnSe
system, the increase in speed is due to the smaller dielectric constant in ZnSe, compared to that
in AIGaAs. In the InAs-ZnTe system, the increase in speed is due to the small dielectric
constant in ZaTe and the high mobility in InAs, and the larger peak-to-valley ratio is due to
the large conduction-band offset that is expected. We calculate current-voltage curves for these
devices and show that their negative differential resistance current-voltage characteristics
should be comparable or superior to those of GaAs-AlGaAs devices. The effects of band
bending and the general method used to calculate current as a function of voltage are briefly
discussed.

Over the past several years, much of the study of device important, InAs has a much higher mobility than GaAs
physics and technology has focused on III-V materials sys- [33 000 vs 8500 cm 2/(V s) at 300 K]. The resistivity in
tems. However, many of the device concepts developed and InAs will therefore be much lower than in GaAs, leading to a
demonstrated in III-V systems can be applied to other mate- large reduction in the RC time constant. The low resistivity
rials as well. One device that has been the subject ofconsider- in InAs will also permit a greater fraction of the voltage drop
able interest recently, both for studying very thin semicon- across the device to occur in the barrier-well region, so that a
ductor heterostrucrures and as a possible high-speed device, smaller bias voltage will be required to achieve the maximum
is the double-barrier resonant tunneling structure. In this tunneling current.
letter, we discuss theoretically some properties of GaAs- The material parameter that is most important in deter-
ZnSe and InAs-ZnTe double-barrier resonant tunneling mining the electrical properties of the double barrier is the
structures; this is the first time mixed II-V/I1-VI tunneling conduction-band offset. The valence-band offset for the
structures have been proposed. ZnSe in particular is a poten- ( 110)ZnSe-GaAs heterojunction has been measured by x-
tially important I-VI material because its lattice parameter ray photoelectron spectroscopy3 and found to be, depending
is very close to that of GaAs ( - 0.27% mismatch), and be- on growth conditions, between 0.96 and 1-10 eV at 300 K.
cause its band gap is very wide (2.67 eV at 300 K), which The value of 0.96 eV was obtained for a heterojunction in
makes visible light emission possible. Furthermore, the suc- which ZnSe was deposited on GaAs at -300 "C, while the
cessful growth of ZnSe/GaAs double heterostructures' value of 1.10 eV was for a sample in which ZnSe was deposit.
would seem to indicate that GaAs-ZnSe double-barrier ed on GaAs at 23 "C, and annealed at - 300 C. The corre-
structures can be grown by the same techniques. GaAs-ZnSe sponding conduction-band offset is between 0.15 and 0.29
and InAs-ZnTe tunnel structures would in fact provide a eV, which is comparable to the direct-band offset in the
novel way to study mixed III-V/I-VI materials systems and GaAs-Al, Gal -,=As system (0.25 eV for x = 0-33). As has
growth techniques. been seen in the GaAs-AJGaAs system, band offset values in

For actual device applications, one advantage that a this range make the fabrication of high quality high electron
GaAs-ZnSe structure may have over a GaAs-AJCraAs de- mobility transistor structures difficult, but are sufficient for
vice is speed. The time for an electron to tunnel across the achieving negative differential resistance in tunnel struc-
device will typically be on the order of I0- 3-10-15 , and tures.
therefore will not be the limiting factor in the speed of the In the InAs-ZnTe system, the conduction-band offset is
device.2 A parameter that may be more relevant to the device probably very large, which is another advantage of this sys-
speed is the RC time constant for charging the capacitor tern over GaAs-AIGaAs. The value of the band offset has
formed by the barries. This parameter can be estimated as not been measured directly, but we can obtain some idea of
T- = AI/E, where AE is the width of the transmission reso- its value if we assume that band offsets are trnsitive. For
nance of the barrier-well structure; typically, r"is on the 6r- GaAs-ZnSe, the valence-band offset is AE. = 1.1 eV; for
der of 1 ps. Since the capacitance is proportional to the'di- InAs-GaAs, AEr = 0.17 eV (Ref. 4), and for ZnTe-ZnSe,

electric constant in the barrier, and since ZnSe has a lower &E,, = 0.98 eV Using these values, we obtain AE =0.30
dielectric constant than AlGaAs (9.1 vs 12.0), the capaci- eV or AEc= 1.6 eV for InAs-ZnTe. The large conduction-
tance, and therefore the RC time constant, should be -re- band offset will reduce thermionic currents through higher
duced by replacing AIGaAs with ZaSe. ., resonances and over the barrier, facilitating device operation

InAs-ZnTe tunnel structures should exhibit an even at room temperature.
greater advantage in speed. The dielectric constant for ZnTe We have calculated current-voltage characteristics for
is 10.4, which again is smaller than that in AIGaAs. More these structures, and for a comparable GaAs-AIGaAs de-
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vice as well. For the GaAs-ZnSe system, we have assumed The transmission coefficient is calculated as a function
that the double-barrier structure consists of a 50 A GaAs of energy using a transfer matrix technique' in which the
well sandwiched between two 50 A ZnSe barriers. The well device is divided into small intervals, and the potential then
and barrier are assumed to be undoped. and the contact lay- assumed to be constant in each interval. For the purposes of
ers are assumed to be degenerately doped (10"' cm- 3 ) calculating the transmission coefficient, we consider the de-
GaAs. For the InAs-ZnTe system, the structure consists of vice to include the well, the barriers, and electrode regions in
an undoped 50 A InAs well sandwiched between two tin- which band bending effects are not negligible. We enforce
doped 20 A ZnTe barriers. The contact layers are degener- the usual boundary conditions between intervals, Le., that b
ately doped ( 10 " cm -3) InAs. Our calculations assume the and (db/dx)Im* be continuous, where tb is the envelope
following material parameters (for T= 300 K): for GaAs, function of the eectron wave function in the solid. We also
m* = 0.066m,, E, = 1.42 eV, c= 12.9Eo for ZnSe, m* assume that the transverse wave vector kl is conserved in the
=0.16m,, E,=2.67 eV, e=9.l1a; for InAs, m* tunnelingprocess, and that the total energy ofthe electron is
= 0.028m,, E, = 0.36 eV, e = 14.6ed for ZnTe, m* conserved. These two assumptions, combined with the fact
=0.11 m, E, = 2.26 eV, e = 10.4e. These parameters that the effective masses in the barriers and the well are not

change slightly at T= 77 K, but the changes are not suffi- equal, lead to a dependence of the transmission coefficient on
cient to prevent the occurrence of negative differential resis- ka, but we found this effect to be small
tance. For electron energies above the conduction-band edge,

Energy-band diagrams are schematically illustrated in we employ the effective mass approximation E= i 2k 2/2m*.
Fig. I for zero bias and for a voltage V applied across the For electron energies below the conduction-band edge, the
contact layers. Band bending effects, as shown in Fig. 1 for wave vector is imaginary; its value is calculated using Kane's
nonzero bias voltage, have been included by solving for the eight-band model7 and the k-p theory outlined by Smith and
conduction-band-edge energy, which acts as an electrostatic Mailhiot.' To obtain the transmission coefficient, we assume
potential for electrons, using Poisson's equation. When solv- plane wave solutions for 0 outside the device. Forx- - co,
ing for the conduction-band-edge energy, we do not include we have incident and reflected waves, and for x- + o, we
the effects of charge buildup in the quantum well during have a transmitted wave:
device operation, i.e., we do not solve for the electron wave em'.9 + re - , x--. -
function and the position of the conduction-band edge self- = ei ,-. + O.
consistently. We assume that the barrier and well regions are
fully depleted of carriers, and therefore obtain linear voltage The transmission coefficient is defined to be the ratio of

drops across these layers. This assumption is included only transmitted to incident current, T- kc1t 12/k1 .
as a matter of convenience and is not necessary for achieving The current is then calculated by including the appro-

negative differential resistance. We find that including band piate Fermi factors and electron velocities, and integrating
bending effects increases the peak current, since the barrier over the incident electron energy distribution:

is effectively lowered by bending in the accumulation layer. e T(E 1)fE)[ I -f(E + eE) ]-k
However, peak-to-valley ratios are not significantly affected 4 (f A- dk
by band bending. f 1 aE -k (-J T(E1 )flE+eV/)[l-flE)] ..'3" -an 2 ) (1)

emk, TC

dE±.T(E.

-EF -In( +exp[(EF-El - V)lk,T]

X-- xwhere m* is the effective mass in the electrodes, k. is the
component of the wave vector normal to the bacriers, and E
=Ak'/2m*. In Eq. (1), the first integral c ds to
electron current in the + x direction, and the second inte-
gral to current in the - x direction. An integration over the
transverse wave vector It, has been carried out to obtain (2).

From Eq. (1), we seethat the integrals over the longitudinal
wave vector k, both contain the factor (aE/Sk)dk,

eV -dE, ie., theeffectsofthe differingvelocitiesoaneachside

V of the device are cameled by the effects of the differant one-
/ ,fK : dimensional densities of states at a given energy. This cancel-

- : lation occurs because we must calculate both the density of
states and the electron group velocity v, (dE/ak1 )/A for

FIG. I. Top: Conduction-band edge of the double-barrier sucture as a the side of the device on which the current is incident, be-
function of position, with no applied voltage. Bottom: Conduction-bind cause of the fact that we have defined T(E ) s the ratio of
edge when avoltage Via applied tothe device. Note the band bending inth as ftefc htehv eie ( stertoo
contact layers, the transmitted to incident current. As a result, the expres-
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sion we obtain for J is identical to that obtained by Tsu and 104
Esaki,9 except for the fact that we have defined T(E, ) to be a . C. -aCAs T = 77K
transmission probability for the electron current, rather 10' -: nAts-Z-,e

than for probability densities. ....
Figure 2 shows current-voltage curves for the GaAs/

ZnSe tunnel structure at T = 77 and 300 K. The peak cur-
rent is approximately the same at both temperatures, indi-
cating that the resonant current is much larger than the ther- - /
mionic currents over the barriers. However, the ,
peak-to-valley ratios vary considerably with temperature, Z 101
since the barriers formed by ZnSe are low enough to allow
substantial thermionic currents at room temperature. At 77 10'
K thermionic currents are negligible, and we have calculated
a peak-to-valley ratio of - 1000; at 300 K, thermionic cur- 10
rents become important, and a peak-to-valley ratio of 23 is
obtained. 1

Figure 3 shows current-voltage curves for InAs-ZnTe
and GaAs-AIGaAs tunnel structures. The dashed curve in 10,

Fig. 3 is for a GaAs-A1GaAs tunnel structure consisting of a 200 400 600 800
undoped 40 A Ala 33 Ga3.67 As barriers and an undoped 50 A Voatoge (mv)

GaAs well, with degenerately doped (10i8 cm- 3) GaAs FIG. 3. Dashed line: Current-voltage characteistic for a
contact layers. The peak current for this structure is some- GaAs-Aju3 Ga.. As tunnel structure Solid line: Current-voltage charac.

teristic for an InAs-ZaTe tunnel structure. Both curves are calculated at
what higher than that for the InAs-ZnTe structure, but the T= 77 K.
peak-to-valley ratio is much lower (92 vs - 1700), indicat-
ing that InAs-ZnTe devices would Lave current-voltage and growth techniques. Using the measured values for thecharacteristics superior to those of GaAs-AIGaAs struc- band offset, we have shown that the GaAs-ZnSe double-bar.
tures. Furthermore, the large peak-to-valley ratio obtained rier structure should produce negative differential resis-
for the InAs-ZaTe structure would vary little with tempera- tance. We also note that the smaller dielectric constant in
ture, because of the height of the ZnTe barrier. Thus InAs- ZnSe, compared to that in AlGaAs, may lead to somewhat
ZnTe tunnel structures would appear to be good candidates faster device operation. For the InAs-ZnTe structure, we
for devices capable of operating at room temperature. calculate a conduction-band offset of approximately 1.6 eV

In summary, we have studied theoretically GaAs-ZnSe by assuming that band offsets are transitive and using mea-
J and InAs-ZnTe double-barrier resonant tunneling struc- sured valence-band offsets for GaAs-ZnSe, ZnSe-ZnTe, and

tures. These structures are the first mixed III-V/II-VI tun- InAs-GaAs. We obtain very large peak-to-valley ratios for
neling devices that have been proposed and should provide this device, and the size of the band offset indicates that this
novel ways to examine mixed III-V/lI-VI materials systems device should work well at room temperature. In addition,

1 _____0__ ._._... ... the small dielectric constant in ZnTe and the high mobility
---- : T = 3OCK GoAs-ZnSe in InAs should lead to a substantial advantage in speed over
-:T = 77X Double Barrier GaAs-AIGaAs devices, and the high mobility in InAs

10' should decrease the bias voltage required to achieve the max-
imum tunneling current.
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Commutativity of the GaAs/AlAs (100) band offset
E. T. Yu, D. H. Chow, and T. C. McGill,
T J. Watson. Sr.. Laboratory ofApplied Physics. California Institute of Technology. Pasadena, California
91125

(Received 22 September 1988; accepted 22 September 1988)

X-ray photoelectron spectroscopy is used to measure the valence-band offset in situ for GaAs/
AlAs (100) heterojunctions grown by molecular beam epitaxy. Ga 3d and Al 2p ccre level to
valence-band edge binding energy differences are measured in GaAs (100) and AlAs (100)
samples, respectively, and the Al 2p to Ga 3d core level binding energy difference is measured in
GaAs-AlAs (100) and AlAs-GaAs (100) heterojunctions. Measurements of the Al 2p to Ga 3d
core level energy separations indicate that the band offset for GaAs/AlAs (100) is commutative;
the value we obtain is AE, = 0.46 - 0.07 eV. Our observation ofcommutativity is believed to be a
consequence of the high quality of our GaAs/AlAs (100) heterojunctions, and of the inherent
commutativitv of the GaAs/AlAs (100) band offset.

I. INTRODUCTION ed for high-quality MBE growth,9 and the samples exhibited

Band offsets at semiconductor heterojunctions are of great good photoluminescence at low temperatures. Two bulk

importance in solid-state physics, both from a fundamental AlAs samples were grown for this study; each consisted of a

point of view and for device applications. The GaAs/ALAs 25004-thick epitaxial AlAs layer, with one grown on top of

band offset in particular has been a subject of extensive a 1.5-urm GaAs buffer layer and the other on top of a 1500-4

study, due to the technological importance of the GaAs/ Al0 .3 Gao.7 As buffer.

Al, Ga, - ,As heterojunction system. An important but un- Two types of heterojunction samples were grown, allow-

resolved experimental issue in this system is that of commu- ing the commutativity of the band offset to be checked. One

tativity (i.e., independence of growth sequence) of the band type consisted of 25 A of GaAs on top of either 500, 200, or
* offset. Commutativity is consistent with current theoretical
* models and some experimental results"2 ; however, a depen- top of 1000 A of GaAs; growth interruption was not used in

dence of the band offset on growth sequence has also been fabricating the heterojunction samples. In both cases, thereported.3' Published experimental values' a for the interfaces were believed to be fairly abrupt based upon re-

GaAs/ALAs valence-band offset range from &E. = 0.36 eV suits from quantum well photoluminescence (the quantum
to 6 = 0.56 eV. well luminescencepeak width was 3.8 meV fuU width at half-

In this paper we present the results of measurements of the maximum (FW-M) at 9 /iW/cm2 incident power) and

band offset in GaAs--AlAs (100) and ALAs-raAs (100) double-barrier resonant tunneling experiments on samples

heterojunctions using x-ray photoelectron spectroscopy with similarly grown interfaces.

(XPS); we adopt the convention of listing the top layer in XPS measurements were obtained using a Perkin-Elmer
the heterojunction t, e.g., GaAs-AlAs indicates a hetero- Model 5100 analysis system; samples were probed using a

junction with GaAs grown on top of AlAs; GaAs/AlAs re- monochromatized Al Ka x-ray source (hv = 1486.6 eV),

fers collectively to both growth sequences. We describe sam- and electron energies were measured by a spherical capaci-

ple preparation and experimental techniques in Sec. IL In tor analyzer. Au 4core level peaks had full widths at half-

Sec. III we present and discuss the results of our experi- maximum of -0.73 eV. The base pressure in the XPS

ments. Sec. IV concludes the paper. chamber is typically -Sx 10-10 Torr, and the analysis
chamber is connected to the MBE chamber via a UHV trans-

II. EXPERIMENT fer tube, allowing samples to be grown and analyzed without
being exposed to atmosphere. This arrangement eliminates

The samples studied in this experiment were grown by experimental uncertainties associated with surface passiva-
molecular beam epitaxy (MEE) in a PHI 430 growth tion, sputter cleaning, and annealing of samples that have
chamber on Si-doped n+-GaAs (100) substrates. The sub- been transferred through atmosphere. Measurements were
strate preparation consisted of a degrease followed by a 90-s obtained from three pure GaAs (100) and two pure AlAs
etch in 5:1:1 H.SO4 :H0 2:H2 0. The native oxide was de- (100) samples, and from three GaAs-AlAs (100) and two
sorbed in the growth chamber by heating the substrate to AIAs- GaAs (100) heterojunctions. Figure 1 shows a sche-
--610 "C in an AS flux. All of the samples were grown at matic energy-band diagram for the GaAs/AlAs interface.

600"C and were lightly doped n-type with _Si The core levels ofimterest in the band offset measurement are
(n= X l06cm- 3 ) to avoid both sample charging effects the Al 2p level and the Ga 3d level in ALAs and GaAs, re-
and excessive band bending due to Fermi-level pinning at the spectively. From Figure 1, it can be seen that the valence-

* surface of the specimen. band offset is given by
Epitaxial GaAs layers > I pm in thickness were used to

make the bulk GaAs XPS measurements. Electron mobili- - EG) + -0d E
ties in these films were comparable to those typically report- - (E A - E.AL). (
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FIG. I. Schematic energy band diagram for the GasAAAs interface. ,.
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The core level to valence-band edge binding energy differ- 80 70 60 50 40 30 20 10 0
ences are obtained from measurements on pure GaAs a d (b) Binding energy (eV)

AlAs samples, and the Al 2p to Ga 3d core level binding FG. 3. Representative hiading energy X:PS spectra for (a) GaAs-AlAsenergy differences are obtained from the heterojunction (00 and (b) - (100) heterjunction samples. Core leve to

samples, core level binding ener v differences are obtained from these spectra.
For each sample, a binding energy window that included

all energy levels of interest was scanned repeatedly for - 15-7

20 h. Due to the low count rate for electrons near the val-ence-band edge, energies in that region were sampled for a AlAs and AlAs-Ga-s heterojunctions are shown in Figs. 2
longer time than eneges in other parts of the spectrum. and 3, respectively. In Fig. 2, the discontinuities in the spec-
Spectra from pure GaAs and pure AAs and from GaAs-- tra at 10-eV bindi energy are due to the longer sampling

timean he eae valence-band edge; the valenceband spectra
are also shown on enlaged scales, as indicated in the figure.

To obtain accura core level to core level and core level to
................... valence-band edge binding energy differences, it is necessaryloge time.. Gte s (100) to determinepeakpositions and valence-bandedgepositions

S f pure GOGd tO a high degree of precision. To find core level peak posi-
:.1: .tx4 2m ions, we subtracted from each core level peak a background

Iar also function (arisin frm el sca e ingcatd in the sample)::Tproportional to the integrated photoelectron intensity, and

:aldefined the peak energy to be the midpoint ofthe two ecer-
: Gas (100)gies at which thek was one-half the maximumin

- . . - sity. The uncertainy in this determination of the peak posi-
so 40 ;30 20 10 0 - " tion was taken tofbe ±002 eV, and typicallycorelevel

adueeyn e separations were reproducible to better than ± 0.0l
proportional to (th00 I  

integra eV for a given sample. i l
-'=en the peak enrg To locate the pmipion of the valence-band edge in theXPS

-, - . spectrum, we employed the precision analysis technique de-
S-ity.. Ivelopedby Krauterta/ In this approach, the XPSspectrum

50 I 0 30 " "0-.0," onear the valence-band edge is modled as a convolution of a
) . -:jltP . theoreticalvalenband density of stateswithanexp-
-* , .• . mentally determined XPS instrumental resolution function.

S I... ' .... - - Thismodelfunction isthenfittedtotheerimentaldatato850 3 .. give the poitio n o fhe te vendedge.d e ithe i
* " 80 -70 20 1O Bnding energy (Kv) raut eaty in the valence-band spectra for GaAs and ALAs,' we

-.. were able to use the GaAs nonlocal pseudopotetial valence-
FiG. 2. Reresenadv bindingeergy XS spectra tot (a) t (00) and band density of staes' in analyzing data from both materi-
(b) AlAs (100) samples. m level to valence-band edge binding enee alt. For a given sample, core level to valence-band edge bind-
differences are obtaiTed from these spectra. The discontinuities in the spec-
traat10 eVbinding ene6a3due to the longersampligtnesmedduring gig energy differ vces were reproducible to better than
data acquiition near the valence-band edge; the valence-band spectra ars a 0.04 eV.
also shown on enlarged eensity scales, as indicated in the figure. When determining the position of a valence-band edge
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using this method, complications can arise from the presence TABLE IT. Measured A] 2po Ga 3dcore level binding energy diffenmces for

of surface states in the same energy region as the valence GaAs-AlAs (100) and ALAs-GaAs (100) heterojunctions.

band."° These surface states produce contributions to the
XPS spectrum that are unaccounted for in the theoretical HeteroJuncion Sample - E (eV)

valence-band density of states, and can affect the calculated GaAs-AlAs (100) 111036 54.44
position of the valence-band edge by -0. 1 eV or more. No GaAS-AlAs (100) 111085 54.46
such effects were observed in our AlAs ( 100) samples, but a GaAs-AlAs (100) 111087 54.45
ps-like surface state was detected in the GaAs (100) sam- A (100) 111045 54.43

p!es, in agreement with previous studies of the GaAs (100)- AIAs-GaAs (100) 111050 54.42

(2X4) reconstructed surface.) 2 Thus, the position of the
GaAs valence-band edge was determined by analyzing the
XPS valence-band spectrum only in an energy region in ojunction, in agreement with our result, but gave a value of
which no surface states were observed. oucin nareetwt u eut u aeavleo

0.36 eV for the Ga.As-A1As (100) band offset. The latter

III. RESULTS AND DISCUSSION result suggests that, for the GaAs-AlAs (100) system, dif-
ferences in growth conditions between our samples and

The measured core level to valence-band edge binding en- those of Waldrop et aL significantly influenced the quality of
ergy differences are shown in Table I. For GaAs (100), the the interface.result in ( E " ) = 1 . 3 0 05 e ,a d f rA

sti(EG o- -E ) = 18.73 -0.05 eV, and for AlAs Our measurement of the valence-band offset also gives

(100) we obtain A(E , - " 72.71 + 0.04 eV. results comparable to those obtained in electrical measure.

These values are in good agreement with those obtained by ments. Using the charge transfer technique, Wang and
Waldrop, Grant, and Kraut.4 Table II lists the core level Stem 7 obtained a valence-bind offset of 0.45 -- 0.05 eV, in

binding energy differences for the ALAs-GaAs (100) and excellent agreement with our results. Batey and Wright"

* GaAs-ALAs (100) hetemjunctions. For the GaAs-AlAs in- measured a valence-band offset of 0.55 eV by measuring the
terface, we find (EA~iAs - E' = 54.45 + 0.02 eV. Using activation energy for thermionic emission of holes over an

Eq. ( I ), we see that this value corresponds to a valence-band AlAs barrier; this value is somewhat higher than ours, but

offset of 0.47 + 0.07 eV. The core level binding energy differ- still approximately within the range of experimental error.
ence for the AlAs-GaAs (100) interface was found to be
(E ,As - E ) = 54.43 + 0.02 eV, corresponding to a IV. CONCLUSIONS

-3 vaence-bad offset of 0.45 -+ 0.07 eV.- v c d s We have measured the valence-band offset at the GaAs/

From these measurements we see that the valence-band AIAs (100) interface using XPS. Our measurements indi-
offsets for the two different growth sequences are within 0.02 cate that the band offset is commutative, and the value we
eV of each other, indicating that the GaAs/ALAs (100) obtain is AE. = 0.46 -- 0.07 eV. This value is in good agree-

band offset is commutative. The observation of commutati- ment with other XPS band offset measurements, as well as

vity for GaAs/ALAs (100) is in agreement with the result of with electrical determinations of the GaAs/AlAs (100) ye-
Katnani and Bauer,' but disagrees with that of Waldrop et ence-band offset. Our observation of commutativity is in

al., who reported a dependence of the band offset on both agreement with some, but not all, published results for the

growth sequence and crystal orientation. The fact that XPS GaAs/AlA s (i00) interface. This indicates that we have

band offset measurements are not consistently commutative been able to grow high-quality interfaces between GaAs and

or noncommutative would seem to indicate that growth con- A since we expect commutativit y in ideal interfaces, and

ditions and interface quality can have a significant effect on s ie tha t commutativity in dea l iterfay ad

the value of the band offset. If this were the case, one would suggests that conutativity of the band offset may safely be
assumed in analyzing and designing quantum structue and

expect that nearly ideal interfaces would exhibit commutati- devices.
vity, while nonideal interfaces would not.
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Finite-size effects in two-dimensional continuum percolation

W. J. Boudville and T. C. McGill
California Institute of Technology, Pasadena, California 91125

(Received 17 June 1988)

We have investigated the finite-size effects of anisotropic continuum percolation in two dimen-
sions. The elements that percolate are widthless sticks. We have developed a simple theory to ex-
plain the dependence of longitudinal and transverse critical lengths on anisotropy and the finite
number of sticks in the sample. By comparing the theory to simulations, we find good agreement.

I. INTRODUCTION I. SIMULATIONS

In recent years there has been interest in the electrical In this section we outline a method of performing
properties of composite materials consisting of conduct- simulations to find the critical lengths. (This is based on
ing fibers or sticks, embedded in an insulating polymer the procedure by Balberg and Binenbanm.5 ) First, we
matrix. Typically, the composites are prepared by mix- define the basic terms. Then, we give the procedure for
ing the fibers and polymer in a liquid state and letting the obtaining the critical lengths.
result cool while being poured. This leads to an angular To start, let us define some quantities. Consider a set
distribution of the fibers in the solid state, about the flow of N widthless sticks. We place the centers of the sticks
direction. Experimentally, such composites are found to uniformly in the unit square, [0,1] X [0,1]. The sticks
have a threshold dependence of the electrical conductivi- have some angular probability distribution f () about
ty on the fiber length.' Various models have been tried to the y axis, where 0 is the angle between a stick and the y
explain such behavior. These include the effective medi- direction. The angular distributions we consider all have
um theory. 2 This has not been very successful as there is the feature that
a large difference between the conductivities of the fibers
and the insulating polymer. f(9)=f(-), OE(0,Or/2) (1)

More promising are percolation simulations. The first
was done by Pike and Seager.4 They considered widthless and that the average angle is E [93-0-. The sticks'
(one-dimensional) sticks of constant length, in a to- lengths are given by another probability distribution,

dimensional medium, isotropic on a macroscopic scale. g(L). We assume 9 and L to be independent. Given a
Their work was considerably extended by Balberg and random configuration of N sticks with lengths and angles

Binenbaum' to the case of anisotropic systems where, as (Li, 8j) the following quantities may be defined:

mentioned above, the fibers have an average preferred 1 N

orientation. They also considered various distributions of A LiI cosGi I (a)

stick length. From their simulations, the critical stick 51

lengths for percolation along the average stick orienta- and
tion and transverse to this were found as functions of an- N

isotropy (defined in Sec. II) and the number of sticks in P ", I LiI sinO, I (2b)
the sample. However, due to computing constraints, they'N -1

only considered a few random configurations of sticks. These are the aveage longitudinal and transverse stick
They showed that in the limit of an infinite ensemble of components with respect to the y direction, respectively.

sticks, the longitudinal and transverse percolation threis- From these we depe the macroscopic anisotropy as

olds converge to a common function. In this paper wet

wish to extend their work by considering more thorough- P "
ly the finite-size effects on the percolation thresholds of P =" (2c)

ensembles with small numbers of sticks. In Ref. 5. and
other papers '7 on continuum percolation this appears to For an isotropic sample, we have P - 1. The larger P is,

have been a neglected point of interest. We will derive a the moie oriented the sticks are along the y direction. A

simple model for the dependences of the thresholds on given sample of sticks is considered to be percolating

anisotropy and numbers of sticks and compare this to the along the y direction if a continuous path can be traced
results of extensive simulations. - %: between intesecting sticks from y =0 to y = 1. Snmilarly

Our paper is arranged as follows. Section H describes for the x direction. The longitudinal critical length, Ld
the simulations. Section III contains the model of the is the lowest average lengih that gives the onse of y per-
percolation thresholds. Section IV compares the model colation. The transverse critical length, L,, is likewise
with the simulations. Finally, we give a conclusion in defined for x percolation.
Sec. V. We wish to investigate the dependences of Ld and L,,
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on the anisotropy, P, and on the number of sticks in the H
system, N. First, consider systems with a given N. To H ,

vary the anisotropy, we change the variance off (0). For / \
example, for a normal distribution of angles f is N(AM4 ), /
where 0d is the standard deviation. By progressively re-
ducing 8d from some initial value, we can corresponding- A
ly increase the anisotropy. Consider now that we have A
selected a variance of f (). We start with some small
average value of L, E [L]. With the parameters off and L/2 \
g chosen, 20 random configurations of sticks are generat- e' \
ed, each with N sticks. We look for any percolation.
Twenty random configurations at each value of anisotro. / \ _

py and E[L] were made to increase the statistical relia- F ' B ' G x
bility of finding accurate critical lengths. This is an im- L G

provement over Balberg and Binenbaum who presented \ /
critical lengths found from three to five configurations /
per value of anisotropy. Note that for sufficiently small /
E L], few of the sticks will overlap. Systematically, C
E[L] is incremented until percolation is found. Often ., /
this is longitudinal percolation. This should be expected,
as it is easier to percolate along a preferred direction than \ /
normal to it. (Occasionally, at low anisotropy, P < 1.4,
we may first encounter transverse percolation.) By fur-
ther incrementing E [L], we eventually come upon trans-I
verse percolation. During the varying of E [L] we record
P for each random configuration. It is found that to good FIG. I. A stick ACof length L is at an angle 8' with respect
approximation, P is independent of E[L]. Our results to the y axis, where 8' is defined in Eq. (3). Sticks at an angle
and a comparison with the theory of Sec. M will be -8', with centers inside the parallelogram HFIG will intersect
presented in Sec. IV. AC.

3I. THEORY

Here we present a simple model that attempts to ex- product of the probability of one stick intersecting AC
plain the dependence of the longitudinal and transverse with a higher y center times the number of such sticks.
critical lengths on the anisotropy and the number of Thus we have
sticks in the ensemble. As before, let there be N sticks in
the ensemble, with an angular distribution f(0) and a N (4)
stick length distribution g (L). Our first approximation is Pj /2-A(AHFG 2 P(4P )- "
to replace all the stick lengths Li with the average length
Lo - TjLj IN. Next, let us replace the angular distribu- where A is the area. [Since P,/, is a probability, if the
tion f(0) by one in which half the sticks are oriented at right-hand side of Eq. (4) is greater than 1, we set
0' and the other half at - 0' with respect to the y axis, Pj/2= 1. Furthermore, if such an intersection occurs we
where 9' is defined by see that the averagey coordinate of the intersecting stick

s P will be at a distance P,/3 higher than the y coordnate of
- (Isin AC's center. Thus, the average number of nersections
a (I-cos-.- P" - fory percolationis

For definitiveness, we now look at longitudinal percola- 3 .. --

tion. That is, we wish to find a set of overlapping sticks . --- :.-: (5)
that goes from yf0 to y = 1. Consider a stick at'an
angle 6', labeled AC in Fig. I, where B is the ce... 6f The probability of finding one percolating cluster in they
the stick. The only sticks which can intersect AC with" direction is given by the product of n terms of the form of
nonzero probability are oriented at -0". Furth rmoe, Eq. (4), which we can write as
the centers of these sticks must lie in the parallelogram n/2 MV " ' . . -

shown in Fig. 1. (Balberg et aLs define this as the exclu- t _ ". (6)
ed area of the two sticks.) Suppose, in tracing outa ps :.. - -.
sible cluster, that we started at y =0 and that AC is the" where from Eq.{4),
highest stick in the cluster, thus far. Let AC be the Jh" -... (4. s
stick in the cluster. To make progress towards y - I wte . ai, aj 5 1
ask for the probability that a stick has a center in AFM PJ aj > 1 (7)
and is oriented at -8. Remembering that the sticks are
distributed uniformly, the probability is given by the and
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N 1and the triangle inequality was used to get the lower
aj--PPI -j . (8) bound of Eq. (12b). We do the following. A value of d is

chosen to satisfy Eq. (2b). We then vary (Isin0 ) in

Note that in Eq. (6) we have assumed that n is even. If, n steps, starting from d/2 and decrementing to 0 (thoughis odd, Eq. (6) is multiplied by Pm tn+.. not going all the way). Then ( I cosO ) is given by

Equation (6) gives the probability of forming one clus- Jd-( I sin0l), d - (I sin0 ) < 1
ter. H owever, it m ay be possible for several clusters to ( sin0 ) ---- f, -- ( I si 0 .(13)

form, especially for longitudinal percolation in highly an-
isotropic samples. As mentioned above, the y coordinate With th values, we can find the anisotropy and use Eq.
of the intersecting stick in the cluster is at an average dis- With to obtain the critical lengths. We choose 1.5, the

tance of P, /3 higher. For the x coordinate of the inter- midpoint of Eq. (12b), as the most reasonable value of d.
secting stick, averaging over AHFG gives 0. This comes It should be realized that the procedure of using Eqs.
from (12c) and (13) is an approximation. In general, a given f

_X <x B )--X >x _)=-, will not yield ( I cosS[) and (I sin0l ) satisfying the linear
,> )relationship of Eq. (12c) over a range of values of the

where T is the probability function. But, we see that the variance.
average x coordinate of the interesting stick is P,/3, as- A program was written to find the lowest lengths that
suming that x >xB, and it is -P/3 if x <xg. Hence, set P -> in Eq. (III as a function of anisotropy, for both

for longitudinal percolation we have a random walk in longitudinal and transverse percolation. These are the
the x direction, of average step size P, /3 and equal prob- critical lengths. The number of sticks in the sample was
ability of stepping positive or negative. From Eq. (5), it a parameter in this calculation.,.

takes n steps to percolate in the y direction. During these
steps, the cluster will span an approximate distance 9 in IV. RESULTS
the x direction of

Here we present and compare the results of Sec. 11 and
V0 -n 2-.(9) III. First, let us consider thepredictions of the model of

3 the preceding section. The values of critical lengths from

Since we are bounded by 0 and 1 in the x direction, let Eq. (11) are displayed in Figs. 2 and 3 for 100 and 500

,  <sticks, respectively. In each figure, the solid line is for

u = vI0, -o <I (10) longitudinal percolation while the dashed line is for
" Utransverse percolation. Following Balberg and Binen-

Then u is the fractional transverse distance covered when baum,5 we have normalized the critical lengths in units of

we are looking at longitudinal percolation. Therefore, the average interstick separation, r, where

the total probability for a longitudinal percolating cluster rM =1 " (14)
is given by dividing Eq. (6) by u to give .W

x U From the simulations we have found the critical
V .(11) lengths Lj, L, as functions of anisotropy, for ensembles

of 100 and 500 sticks. These are displayed in Figs. 2 and
To find transverse percolation, we merely interchange P 3, respectively. For Fig. 2, we have found the critical
and P, in the above equations. Given values for (I sine!) lengths for three types of ensembles: Those with normal
and ( I cosOi ), we can use the above equations to find the distributions for f and Z; with a uniform f and a normal
critical lengths and the anisotropy.- g; and with constint absolute angle and a 8 fuaction for g

One further matter needs to be addressed. Given a (i.e., all the sticks in an ensemble are the same length).

(I cos6 J), which is defined by a particular f(0) and a This last pair of distributions corresponds to the
choice of variance of f, there corresponds a unique simplified choices of distributions made in Sec. IL Simi-
(I sinal ). But for the set of arbitrary probability distri- lar remarks hold for Fig. 3. The solid objects -in the
butions f, subject to the constraints of Eq. (1), there will figures are the critical longitudinal lengths. The hollow
be no unique relation between (I cosOl) and (Isin0). objects are the critical transverse lengths.
How can we find an anisotropy that is in some sense in- We see from Fgs. 2 and 3 that for both the simulations
dependent of a particular I? To answer this, note that we and the theory the transverse critical lengths Be distinctly

-. have the following ineqities: . - ... above the longitudinal critical lengths. Considering sepa-
",I rately the transveae and longitudinal results, we see that

J - _.-Icos:-.,(Isi.GI.<1 the simulations with constant length and absolute angle
and - tend to yield larger critical lengths than the o6ter sMula-

tions. -This is expected, s as a distribution of lengths will
I -d2 , . (12b) cause the sticks with lengths greater than the mean

.where .. " -":'": i
"  

* : -- " length to contrxite preferentially to the percolation.
, . Hence percolation will start sooner than if all the lengths

d-(Icos8J)+(Isin0J) . -:-. (12) in a sample are constant. Nonetheless, the simulation re-
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28 28

.Critical Lengths Critical Lengths

24 -100 sticks 24 500 sticks

V normal 1,8 e normal 1.8e
- s normal 1, uniform e 0 a a normal 1, uniform e
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FIG. 2. The critical lengths as a fuinction of anisotropy for FIG. 3. The critical lengths as a function of anisotropy for
samples of 100 sticks. The anisotropy is defined in Eq. (2). The samples of 500 sticks. The anisotropy is defined in Eq. (2). The
solid and open symbols are from simulations for longitudinal solid and open symbols are from simulations for longitudinal
and transverse percolation, respectively. The lines are from Eq. and transverse percolation, respectively. The lines are from Eq.

suits for :,transverse percolation are clustered close transverse percolation. The agreement between the (un-
enough, and likewise for longitudinal percolation, that 'we displayed) d= 1 curves, and the simulations is not as good
find a universal behavior of the critical lengths on the'an- as for the d = 1.5 curves shown here in Figs. 2 and 3. Al-
isotropy that is largely independent of the choice of dis- ternatively, choosing d equal to the upper firnit-of 2 gives
tributions. Comparing the theory. with the simulations, 'curves that start and remain' slightly'lower 'than the
we see good* agreement for both 100 and 500 sticks.11the *displayed curves. Hence, we believe biur choice 6 of d=15
largest disagreement is for the longitudinal percolation of to be a reasonable one. ~.- '

100 sticks, with the theory lying above the simulations 'Therefore 'we sget tht ouri tery o eA ie
But even here; the theoretical curve exhibits the same -good predfictions or critical length. The- theory also has
trends as the simulations and the disagreement is only -the computational advantage of being much faster to run.
setniquantitative. .? *. . . .:* The cuives, in Fgs. 2 and 3 took less thaii a minute of
~(Note that in comparing Figs. 2 and 3, the onitudinW 'CPU (central-proomasing-tinit) ieec ofno

and transverse results tend to converge togete as we go. fV X1/8.ycnrsth P _efot~iua
from 100 sticks to 500 sticks. This is in acodacwith iosismeasured in hduirs.- This is especially tifor the
Balberg and Binenbaum5 who showed by a topoloicil - simulations of 500 sticks. The CPU time rifed scales
argument thaf in the limit'of infinite N, the two typesi~ rugl as the squre of the -number of sicks as~ ike most
critical lengths coincide. -" : .* -.,. - ~,, intensive task is to find the possibe intersectdons aongt

-,Let us'adda comment about the midrange choice f Nsticks.
d =1.5 madein Eqs. (12) and (Min ther. ifg see->
tion. This was done to give a defnite prescription fo te . COCU O
anisotropy. If We'set d equal to the *lower limit, 1, we ei
curves that start at a critical length around 5 at isotropy, We have investited the finite-size effects of anisotrop-
and remain above the displayed curves as we increaRse the ic continuum percolation in two dimensions. The edc-
anisotropy. This was found for both longitudinal and ments that percolate are widthless sticks.' We have
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-- developed a simple theory to explain the dependence of Thus, we suggest that the theory offers a useful coruple-
longitudinal and transverse critical lengths on anisotropy ment to the running of simulations.
and the finite number of sticks in the sample. By corn- ACKNOWiLEDGMENTS
paring the theory to simulations, we find good agreement.
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Electron tunneling time measured by photoluminescence excitation
correlation spectroscopy
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The tunneling time for electrons to escape from the lowest quasibound state in the quantum
wells of GaAs/AAs/GaAs/AlAs/GaAs double-barrier heterostructures with barriers
between 16 and 62 A. has been measured at 80 K using photoluminescence excitation
correlation spectroscopy. The decay time for samples with barrier thicknesses from 16 A. ( 12
ps) to 34 A. ( =800 ps) depends exponentially on barrier thickness, in good agreement with
calculations of electron tunneling time derived from the energy width of the resonance.
Electron and heavy hole carrier densities are observed to decay at the same rate, indicating a
coupling between the two decay processes.

The electrical properties of the double-barrier (1.B) dicting barrier thicknesses of 16, 22, 28, 34, 34, 48, and 62
heterostructure have been of great interest since its proposal High-resolution transmission electron microscopy con-
by Tsu and Esaki.' The desire to characterize the high-fre- firmed the barrier thicknesses of the 16 A sample and one of
quency behavior of the DB stems from interest in its use as an the 34 A samples, within an uncertainty of two monolayers.
oscillator' and as a switching element.3"4 However, the time We estimate an uncertainty in barrier thickness of two mon-
associated with the tunneling of electrons has been the sub- olayers for all of the samples.
ject of more than 20 years of discussion.- Experimental The experimental technique has been described pre-
measurements of tunneling times have required the develop- viously.12 A coliding pulse mode-locked ring dye laser is
ment of high-speed measurement techniques. Recently, two used to generate a train of pulses 200 fs full width at half
groups have reported experimental studies of the temporal maximum (FWHM), at a repetition frequency of 120 MHz.
response of DB structures. Whitaker et al.' have used elec- The laser output is centered at 6200A and has a spectral
tro-optic sampling measurements to study a single tunnel width of 20 A FWHf. The pulse train is equally divided
device. Tsuchiya et aL" used the photoluminescance (PL) into two separate beams which are independently chopped at
from carriersin the quasibound statesin the quantum well to f, = 1600 Hz andfz = 2100 Hz, and delayed with respect to

study the decay of the electron population in the quantum one another by time r 500<r<500 ps) before being re-
well as a function of the barrier thickness. However, the cx- combined and focused to a 25-mi-diam spot on the surface
periments of Ref. 11 were limited to times greater than 60 ps, of the sample. The typical average power used was I mW per
and Guo er al. have raised some serious questions about the beam before chopping. The PL is spectrally resolved, and
theoretical calculations that were used for comparison with detected by a GaAs photomultipliertube (PMT). After am-
experimental results. plification, the PMT signal is synchronously detected by a

In this letter we report a study of the decay of photoex- lock-in amplifier at either the fundamental frequencyf, or at
cited carriers in double-barrier heterostructures as a func- the sum frequencyf,. =f, +f2. All of the results reported
tion of the thickness of the barrier layers. By employing an here were taken with the sample at 80 K.
excitation correlation method 2 we have extended the results In Fig. I we present a schematic diagram of the pro-
of Tsuchiya er aL" to significantly shorter times and are
comparing our data with results of corrected calculations of
the tunneling times.

Double-barrier (DB) structures were grown on
(100) GaAs substrates by molecular beam epitaxy in a Per-
kin-Elmer 430 system at 600 *C. After growth of 0.5 pm of - -

GaAs, a superlattice buffer layer consisting of five periods of
50 A, Al433 Gak As/00 A GaAs was grown. This was fol-
lowed by growth ofa 0.7 pm layer of GaAs, which provided
a high quality layer on which to grow the DB and eliminated
any optical effects from the superlattice. Then a symmetrical
GaAs/AlAs/GaAs/ALAs/GaAs DB was grown, with a
well thickness of 58 ;_ The final layer was a 300 ; GaAs cap.All layers were nominally undope d with an estimated resid- FI . Schemanc ia© of relevat wrier prc invdl in the

double-barrier samples during the experiment. Shown are pbotoexcitation
ual carbon acceptor concentration of l0' cm -3. Seven Sam_ of carriers an the wel, r=neling of Carriers out of the well, and recombina-

pies were studied, with bulk growth rate information pre- tion or carriers in the Well.
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cesses of excitation, tunneling from the well, and the radia-
tive recombination of carriers within the well. Recent obser-
vations of the thermnalization times of electrons between .5
subbands have given times less than 200 fs. 3 Hence we will ' o
assume that the thermalization of electrons and holes to the 0
lowest subband to be fast compared to the times of interest
here. A model of the measurement process has been given in -
Ref. 12. We will simply sketch the important results. If the
electron and hole populations created by an optical pulse are - -2

n(t) and p(t), and the populations created by two optical -400 -200 0 200 400

pulses are independent, then the sum frequency signalI. is Delay 7 (ps)
proportional to the cross correlation FIG. 3. Semilogarit:ic plot of the variation of the sum frequency lumines.

cence signal (solid ree) with delay . The sample is the same as in Fig. 2.
f [n(t)p(t - y) + n(t- y)p(z)]dt. The scan was taken it 7665 A, the peak of the sum frequency spectrum The

coherence peak at r = 0 is not resolved in this scan. The dashed lines ar the

This signal is due to the recombination of electrons created fits discussed in the :, which give a decay time of 2-36 - 20 ps.

by the first pulse with holes created by the second pulse, and
vice versa. If we assume that the electron and heavy hole the optical inte-erence of the two incident pulses on the
densities decay exponentially7 with time constants r, and sme a int reole of thi scn in gle one
",, respectively, then the sum frequency signal is propor- sample and is net resolved in this scan. A single exponential
tinal respctivy the thesu en ys ia sfits the wings in the sum frequency delay scan shown in Fig.
tional to the sum of two exponentials 3. Delay scans for one sample, taken at 4 K, show evidence of

'sum (y) [exp( - II/r" ) + exp( - IA 1)]. (I) a second exponential with a faster decay. Fits to the sum

We have used this result as the basis for interpreting our frequency delay data at 80 K using a single exponential are
data. shown as dashed lines in Fig. 3. The coherence peak is not

In Fig. 2 we present typical photoluminescence spectra included in fitting the delay scans.

taken at 80 K at the fundamental and sum chopping frequen- In Fig. 4 we have plotted the exponential decay time at

cies. The spectrum at the fundamental frequency consists of 80 K as a function of barrier thickness for the seven samples

a single distinguishable feature centered at 7650 A. The described above. The decay time depends exponentially on

wavelength of the feature in the fundamental frequency barrier thickness for barriers up to approximately 34 k.
spectrum is in approximate agreement with the calculated Over this range of exponential dependence the decay time

position of 7730 A for transition from the lowest electron varies by two orders of magnitude. For thicker barriers the

subband to the lowest heavy hole subband in a 58 A quantum decay time seems to approach a value that is independent of
well. The peak of the corresponding feature in the sum fre- the barrier thickness. With the 120 MHz repetition rate of

quency spectrum is shifted slightly to longer wavelengths, the excitation pulses, there is an upper limit on the order of 2

We do not, at present, have an explanation for this shift. ns to the decay times that can be measured accurately with

In Fig. 3 we present a semilogarithmic plot of a typical our technique. Consequently, the result for the sample with a

scan of the photoluminescence at the sum chopping frequen- barrier thickness of 62 A should be viewed with some cau-

cy as a function ofthe time delay between the two tulses. The
scan was taken at 80 K at a wavelength of 7665 A, the peak 10
of the sum PL spectum shown in Fig. 2. This delay scan
consists of a peak at zero delay with wings extending to much . 1 o4  4 _,

longer times. The peak at y 0 is a coherence peak due to -4

S102

.0 
2

S

0 Barrier Thickness ()
7550 7600 7650 7700 7750 - FIG. 4. Measured deay times as a fimetion ofbarrier thiicim. The data

Wavelength ( ) points are the mcedm deLay times, with error bars on the thickness based
on uncertainty in the barrier thickness and error bais on the decay times

FIG. 2. Typical excitsan, correlated luminescimce for 2S A barrier sample from uncertainties mi he fits to the delay sans. The solid re is the electron
at 80 KL Shown are lumizmcence signals at the fundamental chopping fre- tunneling time cachlated from the width of the lowest conduction-band
quency (solid line) and the sum frequency (dashed line). Both scans were transmission resmnce, using a two-band expression for the wave vector in
taken with delay y - 0. The sum frequency spectrum has been multiplied by AlAs barriers. The dashed line shows the tunneling rime for beavy holes and
I was calculated usig a one-band expression for the barrier wave vector.
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tion. Our measured decay times are about a factor of 4 longer light holes is even shorter than that for electrons and, hence,
than those of Tsuchiya et al. " could offer an escape channel for the heavy holes. This phe.

In Fig. 4 we have also plotted the time calculated for nomenon could be responsible for the changes in the ob-
electrons and heavy holes to tunnel out of the quantum well. served delay scans with temperature. Finally, if we couple
The solid line is the electron tunneling time, and the dashed the finite spot size of the laser with the variations in decay
line is the heavy hole tunneling time. We will assume that the rates, we might expect density gradients and electric fields to
light holes thermalize to become heavy holes on a time scale develop in the plane of the quantum wells. These density
short compared to times of interest here. From Ref 7 the gradients and electric fields could act to make the hole den-
time for a particle to tunnel out of a quasibound state in the sity follow the electron density by inducing hole transport in
quantum well is related to the energy width of the corre- the plane of the quantum well. We are attempting to carry
sponding resonance in the transmission probability by out a detailed numerical simulation of this complex problem
.r = /AE-wHM. The transmission probability is calculated which will be important in understanding the results of any
using the transfer matrix approach of Kane, ' 4 modified to of the measurements reported to date that are based on opti.
account for the different effective masses of the particle in cal excitation.
the quantum well and in the barrier. In summary, the tunneling time for electrons to escape

For electrons, we have considered only r-point barriers. from the lowest quasibound state in the quantum wells of
It is appropriate to use a simple one-band expression for the GaAs/AlAs/GaAs/AlAs/GaAs double-barrier hetero-
wave vector in the well, k = (2m*rnE/1) "2, where m: is structures has been measured at 80 K using the technique of
the effective mass in the GaAs well, m, is the free-electron photoluminescence excitation correlation spectroscopy. Re-
mass, and E is the energy of the particle with respect to the suits are in good agreement with calculations of electron
GaAs band edge. With the pure ALAs barriers in our sam- tunneling time based on the energy width of the resonance in
ples, the lowest quasibound electron state has an energy far the transmission coefficient.
from the band edge in theALAs barriers. Hence we haveused The authors would like to thank R. Miles, Y. Rajakar-
a two-band model' s to calculate the wave vector in the bar- unanayake, D. Ting, E. Yu, and A. T. Hunter for helpful
riers. The barrier height used in these calculations was 1.07 discussions. This work was supported in part by the Office of
eV, corresponding to a valence-band offset of 0.55 eV and Naval Research under contract No. N00014-84-K-0501, the
an AlAs band gap of 3.13 eV. The effective masses in the well Defense Advanced Research Projects Agency under con-
and the barriers were taken to be 0.067m, and 0.15m,, re- tract No. N00014-84-C-0083, and the National Science
spectively. 7 For the heavy holes, we used a one-band expres- Foundation under grant No. NMR8421119. Two of us (M.
sion to estimate the wave vector in the barriers. From the K. J. and D. H-. C.) would like to acknowledge financial
theoretical curves in Fig. 4, we can see that the tunneling support from the Natural Sciences and Engineering Re-
time for electrons Li much shorter than that for heavy holes. search Council of Canada, and International Business Ma-

Comparing these theoretical estimates of the tunneling chines Corporation, respectively.
times with the decay times observed experimentally, we note
that the decay times agree well with the shorter tunneling
time of the electrons. In contrast, if we expected Eq. (1) to E 1n,. and
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Theoretical investigation of the effect of strain on phase separation in
epitaxial layers

A. Zur and T. C. McGill
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We have theoretically investigated the phenomenon of alloy clustering in epitaxial films and, in

particular, the case of Al,, Gal - ,, As grown epitaxially on GaAs. We show in the general case that
the elastic strain in the film, caused by the finite mismatch between the lattice parameters of the
film and the substrate, may change the miscibility properties of the film. A miscibility gap could
be opened in the material composing the film, even if there is no such gap in the bulk material.
Conversely, the strain could stabilize a solid solution in the film in cases where there is a
miscibility gap in the bulk material of which the film is composed. We estimate that these effects
are too small to account for phase separation in the case of Al,, Ga l _ , As on GaAs, but could be
important in other systems, such as ln(As, Sb).

I. INTRODUCTION these elastic constants have not been measured for any of the

Devices consisting of epitaxial layers of Al. Ga ,As III-V ternary systems.
grown on GaAs substrate have gained prominence in dc- This paper is organized as follows. In Sec. If, followingtroic and optoelectronic research. 1 in many cases, tn e- this introduction, we discuss the effects of strain on phase

formance of such devices depends on controlling the compo- separation in the epixaxial layer. The treatment is rather gen-
sition of the epitaxial layer (the xin Al, Gal - ,, As). In recent eral in that section. In Se. m, we consider some IT-V sys-
years, several experimental papers have been published, in- tens in which the strain in the film (induced by the substrate)

: dicating that under certiin growth conditions, the composi- may change the miscibility properties of the film. In Sec. IV,
tion of the epitaxinl layer is not uniform. Holonyak et al.2  we attempt to estimate the relevant parameters for the parti-

observed photoluminescence features that were compatible cular case of Al. Gal - ,, As on GaAs. Our estimates of the

with alloy clustering in MOCVD samples of Al., Gal _-,As relevant parameters would indicate that the strain term is

grown on GaAs. Petroff et al.3 have observed alternating too small to open a miscibility gap in the Al,, Gal -. As film,

layers of Al- and Ga-rich Al,, Ga - ,, As in M3E samples suggesting that the observed clustering is metastable. In Sec.

grown on GaAs( 110). These layers were parallel to the inter- V, we draw conclusions based on our study.
face, about 100 A thick, and the variation in composition
was estimated by Petroffetal. to be at least 5%. These results "
are somewhat surprising in light of the fact that bulk I. EFFECTS OF STRAIN ON PHASE SEPARATION
Al,. Gal _ ,,As is known not to have a miscibility gap.4  In this section we estimate the excess free energy of an

Several possible mechanisms could lead to the clustering epitaxial film due to the induced elastic strain. We will show

in the epitaxial layer. First, the relatively low growth tern- that this excess free energy may have both positive and nega-

perature suggests that the observed clustering could be me- tive second derivatives with respect to the alloy composition
tastable; that would not explain how the clustering forms, (in the general case of a film composed of a binary or a pseu-

.- : only why it is observed. Second, the observed clustering dobinary alloy). This would imply that the strain in the epi-
could be stable in bulk Al,, Ga _-,,As at low temperatures, taxiallayer may in some cases stabilizeandin thers destabi-
and the thermodynamical data (obtained from high ten- lize clustering. The magnitude of this excess free energy de-
perature experiments) should be reevaluated for low tern- pends on the elastic constants of the alloy, as well as on the.

uperatres. Third, the clustering was only observed in. thin lattice mismatch. If the lattice mismatch is too sma the
films grown epitaxially on a GaAs substrate; the clustering 2extra stabilization (or destabilization) of the dlusterin& re-
may, therefore, be induced by substrnter"-- sulting from the elastic strain, could be negligible compared

In this paper we examine this third possibility, namely, to the enthalpy and entropy of mixing. In Sec. IV, we will
that the substrate induces the clustering. We investigate the estimate that this is the case in Al. Gal -,As grown on
effects of the strain in the film, induced by the substteon GaAs.
the miscioility properties of the film. (This mechanism was When there is a mismatch between the lattice parameters
proposed by Maximov' to explain clustering effect" in of the substrate and the film, strain effects are observed in the
G' GaAs,, P,_...) We conclude that the strain term could, in crystal. When the epitaxial film is very thin, it is energetical-
general, change these miscibility properties, i.e., a mismity ly favorable for the film to be sained uniformly, such that it
gap could be either opened or closed by the strain. To be adopts the lattice parameters of tht substrate parael to the
more specific, in the case of a particular system like interface. No bonds have to be broken in this case, but the
Al., Ga, - ,,As on GaAs, we have to know the elastic con- elastic strain energy accumulates as the film grows thicker
stants of the film over the entire composition range. So far, and thicker. At some critical thickness, misfit dislocations
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would relieve part of this strain (see, for example, van der is lumped in the term C (x)x2 . It should be emphasized here
Merwe and Ball6 and references therein). In our treatment that this term may have a second derivative with respect to x
here, we should only treat the case of a thin film, having no of both positive and negative sign. To demonstrate this, as-
misfit dislocations. sume that C(x) is a linear function of the composition

When the film adopts the lattice parameters of the sub- C (x) = Co( I- x) + Cx. (4)
strate, its elastic strain energy is given by Hook's law In that case, the second derivative of C(x*i is also a linear

dE= V.Cf, (1) function of x:
where Vis the volume of the film, C is some elastic constant 82

of the film, and f is the strain in the film. The strain energy [C(x)x] - 2C( - x) + {6C 1 - 4Co). (5)

.AE in Eq. (1) could depend on the composition x of the alloy.

For discussing phase separation, we have to consider only Therefore, in this example, C (xi always curves upward for
the second derivative of the energy with respect to composi- small values ofx but may curve downward nearx = I if the
tion. Constant and linear terms in composition would not slope of C (x) is negative enough (Cl <j Co).

alter the total energy of the system upon either separation or
mixing. If the second derivative of the strain energy with I1. TERNARY lll-V SYSTEMS
respect to x is positive, the strain would drive the system As we have mentioned in the previous section, the energy
toward mixing, if it is negative, toward phase separation. term due to strain in the film has to compete with the bulk
The strain energy is only part of the total free energy, which terms (enthalpy and entropy of mixing) in the film material.
also includes enthalpy of formation (the linear part of the While exact numbers are not available in most cases, we
enthalpy), enthalpy of mixing (the nonlinear part), and en- would like to estimate the order of magnitude of each of
tropy of mixing terms. Consequently, the driving toward these terms.
phase separation or mixing due to strain competes with the The entropy-of-mixing term dominates the free energy at
driving toward separation or mixing due to the other terms. high temperatures. In many of the 111-V ternary systems,
One can see, however, that the sign of the curvature of the the entropy of mixing can be approximated by assuming that
free energy could sometimes be reversed by the strain term. the solution is ideal:
For example, in the vicinity of coexistence points, where the S,. -k [x log x + (I - x) log1 x) (6)
curvature of the bulk free energy is zero, it is the elastic strain
term that could make the difference, where Nis the number of formula units. Taking the second

In our treatment, we assume a general model of a binary, derivative of Eq. (6) with respect to concentration
or a pseudobinary alloy, say A _,B,. We further assume 92s, _Nk[ + :1 1
that this alloy is grown on a substrate consisting of one of the "= +IX< X 4Nk. (7
two materials that form the alloy (say A). In our notation, 4kTis approximately 300 meV at 600 C. This term is, there-
therefore, when x = 0 the film composition is identical to fore, quite l at normal growi temperatures.
that of the substrate. The composition dependence of the We would like to comment on the correction of Eq. (6) if
strain energy comes, in this case, from the composition de- the solid solution is not ideal. In that case, different arrange-
pendence of the three terms in Eq. (1), namely V. C, andf. ments of the atoms would have slightly different energies.
Usually, the materials in question are nearly lattice matched, Since the number of different arrangements of atoms (config-
and, therefore, the specific volume is almost independent of u i v we may assume that it has a Gaussian
composition. We shall assume, therefore, that the film vol- energy distribution, with average j& and standard deviation
ume V in Eq. (1) is independent of composition. The second o, which depend on the composition. Now, it is rather
term in Eq. (1), C, can be expressed in terms of the usual straightforward to us this Gausia distribuion to btain
elastic constants of the film and depends on the crystal direc- sthtfad t as tis G s isrut otoa

both p and S as functions of temperature:
tion of the epitaxy. In the case of a cubic film grown on a
cubic substrate, C is given by' -) T= ) 

a  " (8

4, f " 2 •T-,, . "'-8)".{2C 1 + 2C , - for (100)/(100) and,
C = C,-"

12C(C, I +2C12) f ((T)-Sj. - k . (9):: ". .l ~~~~~~~for (III1)/(lIII)'..-; " -2: "..." ., -:-." -.- ':"9

Cu I+ 2C,2+ 4C 2 kT)
The composition dependence ofCcan be calculated froihe where Sid-, is given by Eq. (6). It should be noted here that

composition dependence of Cj1, C12, and C4. Fmally,the the expressions (8) and (9) should be viewed as asymptotic
composition dependence of the strain is linear, according t expansions, correct only in the limit of high temperature.

Vegard's law. Therefore, if 4 a is the difference between the Expressions such as Eqs. (8) and (9), as wel as higher order

lattice parameters of the two end materials which form the terms, were given by Hildebrand and Scott.7 It should be
alloy,then noted that o- vanishes at the endpoints of the composition
all oy range(x 0 orx = 1) and attains a maximum inbetween. At'

4E= .1 C(xx. (3) this maximum a 2(o=,/x" <0. Therefore, the correction to
2 the free energy of mixing due to finite temperatures in Eqs.

In Eq. (3), the compositional dependence of the strain energy (8) and (9) has a positive curvature, thus enhancing mixing

-. . .... . .....- an¢..
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TABLE I. Elastic constants times the volume of a formula unit for various Self difusion of Go in CoAs
111-V seiconductors (in utsof eV). C, and C 1,j allere defined in Eq. 1 ecr-
(2). From this table it seems that a value of 100 eV has the right order of
magnitude for the III-V semiconductors.

Material COrM C11111 mort

GaP 74.9 103.7
laP 59.9 94.4
GaAs 69.6 97.6
InAs 53.2 83.5
AISb 60.6 87.0 -

GaSb 62.0 86.5
InSb 53.7 82.5 "

rather than separation. The magnitude of these correction 1h o t&-,
terms is usually small-

The enthalpy of mixing term is the one that poses the main 10 mi " ".

difficulty. It has to have a magnitude of more than a few tens
of meV to dominate in temperatures of a typical crystal
growth. The enthalpy of mixing in most ternary (pseudobin- t d2/D
ary) HI-V alloys is usually approximated" by regular solu- 600 650 700 750 800 850 900

-4 tion theory: TEMPERATURE (C)

4 Al" = ax(1 - x), (10) FIG. 1. Charcterisi s of-dinuo times of Ga in GaAs aecording to the

where a is an interaction parameter. Experimental estimates experimental data of Goldstein (Ref. 13, solid lines) and Pafrey er al. (Ref.
of a in Eq. (10) for several III-V ternary systems are given by 14, dashed lines). The time required to diffuse over characeristic distances

Panish and Ilegems.8 Various phenomenological models, us- of 5, 10, and 100 A is shown vs temperatur

ing several unknown parameters, were used to obtain these appreciable (on the order of 10-100 meY). It may still be
values. The uncertainty in the accuracy of these parameters, smaller th n the entropy-of-mixing term, bt when the en-

therefore, is still unknown. Stringfellow9 has observed a scal- tropy-of-mixing term is whed the en -

ing of a in Eq. (10) like the square of the mismatch in most mriny-tfrm in t akm inearlyfba nce
III-V alloys. Martins and Zunger' showed that such ascal- g h tancnmk h ifrneing ils .expectedaonortica gun ro that stra cr. For a precise calculation, one has to know both the elastic
ing is expected on theoretical grounds from the strain co-. constants of the film material as a function of composition
ponent of AH. They have further showed that the chemical and the thermodynamical data. At present, the elastic con-
effects, due to charge transfer between bonds, do not scale stants of the alloys have not been measured, and there is a lot

with 4a2, but for random alloys this contribution is small. o
We shall now discus the contribution of the elastic sti alloys (see our discussion of Al. Gal - As, which is one of

in the film. The excess energy due to elastic strain in the film, the best characterized alloys, in the following section). We,
induced by the substrate, is given by Eq. (3). To calculate this therefore, cannot hope at this moment to make any definite
term, we have to know the elastic constants of the alloy for statements, only to point at some alloy systems that could
the whole composition range. Such a complete set of data has prove to be interesting.
not been measured for any of the rn-V ternary systems. We
can, however, estimate the magnitude of this term. "We are interested in systems that have a lrge mismatch

We assume that the seond derivative of C (x)x2 with're- (1 %-10%), and a large, positive enthalpy ofmixing.Among
the ternary I-V systems, these two properties are correlat-spect to x is of the same order of magnitude as Cc). This. Ce since the chemicalcontribution to the enthalpy ofmizing

assumption is equivalent to assuming that there are no is usually small for random alloys~t' The four ternary ni-V
"spikes" inC (x). To estimate this value, we present in Table I systems that include InSb are of particular interest, since
the relevant elastic constants, Cti and C1111 for sevialt
ba r- s incsTe eaicr 'they all satisfy the large mismatch condition- In addition,binary II-V semiconductors. These elastic constants were -,.. .. .. . . . .
cacua g. (h i (As, Sb) is a candidate for strained layer superlattices withcalculated [using 4q (2)] and later multiplied by the volumet small band gap tatma b used.. as . . .. m tedl2

of a formula unit (a3/4) to obtain the value of the elsif I

constants per formula unit. From Table I, it follows thai " . . -• h . o'- . All,,I Galtl_. As onII A

C(x)ae/4 is on the order of 100 cV per formula unit. Multi-*
plying this value by the square of the strain, we obtain that In this section we estimate the relevant parameters for thethe elastic strain contribution to the free energy is onthe AlCGa -- ,As on GaAs interface. Since the experimental

order of 0.1 meV per formula unit when the mismatchis, data is incomplete, we have to estimate several parameters
0.1%,10 meV per formula unit when it is I %, and up to l eV based on theoreticalconsiderations.

-; when the mismatch is 10%. -. ine"c
Only when the mismatch between the film and the sub-.

strate is on the order of several percent, the strain term is'. Knowing the kinetics of the system could help clarifying

J. Vac. ScL TechnoL B, VoL 3, No. 4, Jul/Aug 1985
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whether the clustering in Al, Ga As is stable or metasta- curves, corresponding to diffusion over characteristic dis-

ble. Unfortunately, only partial self-diffusion data are avail- tances of 5, 10, and 100 A. The relation between diffusion
able for the Al. Ga, -,As system, and they are mainly high distance (d) and diffusion time (t) was calculated according to

temperature data. In Fig. 1, we show characteristic times for
self diffusion of Ga in GaAs vs temperature. There are two t = d 2/D, (I1)
sets of curves in Fig. I, corresponding to diffusion data of

Goldstein' 3 and of Palfrey et al.'4 In each set there are three where the diffusion coefficient D is given by

D= , -p Q Do = I X 107 cm2 s-' Q =5.6 eV, (Goldstein'3 )

D- ]exp ' Do = 3.9x 10- 5 cm 2 s Q = 2.6 eV, (Palfrey et al.'4). (12)

(The discrepancy between the two sets of data was attributed formula unit). The experinental figures, therefore, are some-

by Palfrey et al. to the difference in As overpressure during where in the range

growth.) One can easily see in Fig. 1, that nonequllibrium [al= < 25 meV/formula unit, (13)

features as narrow as 5 A would require about a day of an- a

neal at 800 C to dissipate, if we take Goldstein's data as and were obtained by fitting the phase diagram of

representing the actual diffusion rates. This would imply Al. Ga -,As. To obtain yet another estimate of a, we have

that the features as large as those observed by Petroffet al.3  performed ab inido self-consistent calculations on As-

do not have enough time to equilibrate. On the other hand, if (Ga, Al)4H' clusters. Our calculations (to be descnled be-

Palfrey's data represent the actual diffusion rates, then at low) give an estimate of a which is included in the experi-

800 C it will take only few minutes to establish quasiequili- mental range given in Eq. (13) in the separating region

brium on a 5 A scale and several hours to establish quasiequi- (a > 0), but extends beyond the experimental range in the

librium on a 100 A scale. In that case the features observed mixing region (a <01.

by Petroff et al. could be formed spontaneously from a umn- Our calculations were performed as follows. Seff-consis-

form alloy if they are more stable. tent generalized-valence-bond 7 formalism was used to cal-

The large discrepancy between the two sets of self-diffu- culate the total energy of AsGa4H', AsGaAIH', and

sion data, as well as lack of self-diffusion data of AsA 4H12 clusters. The quasichemical interaction was cal-

Al, Ga, -,As, does not enable us to determine whether culated according to

thermal equilibrium was established based on annealing Eo + E
time. We, therefore, have to determine if the clustered alloy 2 = EA,.. 2 (14)

is more stable than the uniform alloy, based on energy co In Eq. (14), is the ttal energy of the AsGa2AI2H;

siderations. 
12

cluster, etc.B. Thermodynamics 7 .All the clusters in our calculations consisted of a central

In our treatment we would like to use the ideal-solution arsenc atom surrounded by a shel of four cations (ither

expression for the entropy of mixing. Recent experimental' s  gallium or aluminium atoms), which was in turn surrounded

and theoretical" papers have questioned the ideality of by a shell of 12 hydrogen atoms. The hydrogen atoms were
andtheorcal" er hae questio0°C rne themyhe used to terminate the dangling bonds of the cations. The
AlGanges etwen the bonds formed by each atom and its near-

to correct the entropy of mixing to account for nonideality, es neigorswere ept tetrahedralc09.4 toroughout the

but it was shown in the previous section that such a correc-o
u

tion, at least to first order in IT, would enhance mixing calculation. The clusters had a net charge of 3- to ensure
roate t to separtoer Assingthat / T he ld nhae A covalent bonding sinilar to that in the crystaL The alumi-

solid is an ideal solution- the entrpy of mixing wasgve i um, gallium, and arenic atoms were represented by a dou-
Eq. (6). The entropy contribution to the second derivative of ble- basis set, containing s- and p-like wave fhnction e

the free energy is at least 4NkT, which is 300 meV perfor-- hydrogen atoms were represented by a single, s-like wave

will show that it is almost an er of function (a minimal basis set). The distances between the
:. mula unit atbO 600 wlnwuallamogloq- 'C. . . .... .. • de. o_

-.. ~~~~~~~~~ -...... . ... ,__ .,_' - :.. hydrogen atoms and their neignoo cation atoms were ke-pt
magnitude larger fin absolute value) than the contributions h

of the enthalpy of mix hence, dominating then : at a prescribed value ofd = 2.35A , rather than at the opti-
-oprthesa of inga , henaoe, 600inating t.2 mal distance, and the hydrogenic wave functions were inflat-properties of Al.Gal -.,As above 600"9C.

The-ehap o -gf d. .G.... ,shasbeC1 Z edbyafactorofr a, =25. Tesetwoparameters,,d and.,= , :. The enthalpy of-mixing ofrandom Al. GalAas~ ,
,--- .timtedtobeero v..T e were used to contrl the electronegativity of the hydrogenic- ,:" estimated to be zero or very close to zero. These estmates . ""Sta - chb~t"

: ... .. . .... . .' "" eul' (ta wasused to mimictebl Al , Gal_, - /

were, however, based on high-temperature m.easurenents.- he'tha was used t mimic the bulk An~a Ga -
", ... al16  ... . . -... Th value of.,, 12. in Eq. (14 depnd on,,,, the inivdul

Foster et al. have investigated the solidus line o Te T v(

"-: Al, Ga, -, As system and concluded that this system is ida As and Al-As bond lengths. In Fig. 2 we show the total."energy of the As ~H 12custer (dashed cur-ves) and .6 of-

[i.e., a = 0 in Eq. (10)]. Stringfellow' also concluded that A Ie
a.. =0_Oin the Al= Ga,_ As system. Otherfigures qnotedin-. Eq. (14) (continuous curves) as contour maps in the plane of

the literature are a = - 500 cal/mol at 00 C, .Ga-As vs Al-As bond lengths. One can observe in Fig. 2

a= +400cal/mollat700 C, anda -3892+4Tcal/ thatavalueof
mol for 1073 K<T< 1273 K (I kcal/mol 43-3 meV/ -0.020<12< +.O04eV (1)
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2.2 2.3 2.,4 2.5 2.6 smaller than the 300 meV contributed by the entropy of mix-
2.6 0 2.5 ing. Our calculations, therefore, suggest that there is no mis-

-* < cibility gap in the Al. Gal _As.
A .0.01- We would also like to comment here about the formation

-A 2.5 -05 2.5
---l of an ordered compound (Alo.s Gao.s As) as was reported re-

A _0.00
4  cently by Kuan et aL' 5 Such a compound will be thermody-

.4- 2.4 namically stable if the gain in enthalpy of mixing more than
c A offsets the loss in entropy of mixing. According to the quasi-

'A A chemical model described above, the enthalpy of mixing of
0 2. 3.2.3 such an ordered compound is 2 per formula unit, compared

< 4to i 2 of the random alloy of the same composition. [ 2 is
S2the value of Eq. (16) atx ].The gain in enthalpy of mixing

. 2.2 .is, therefore, j12 per formula unit, according to this model.

2.2 2.3 2.4 2.5 2.6 The entropy of mixing of the compound vanishes due to the

Al-As bond length (A) .ordering, while the entropy of mixing of the alloy equals- k log 1, representing a free energy loss of about 0.7kT,Fia. 2. Total energy of the AsAl G.H - cluster (dashed ines), and the which is approximately 50 meV per formula unit at 600 C,

quasichemical interactios. (12) (solid lines) as a function of the Ga-As and compared to enthalpy gain of 12 which is at most 7.5 meV
AI-As bond lengths. The interaction parameter D was calculated using Eq. according to our calculations. Srivastva eral. " have suggest-
(14). It is acting toward phase separation when positive and toward phase ed that charge transfer from the weaker Ga-As bonds to the
mixing or compound formation when negative. Its value is rather small for stronger Al-As bonds may result in a negative enthalpy of
all resonable values of the bond lengths, in good agreement with Eq. (13).
Solid triangles represent the values that were amlly calclated (uing gen- mixing, which in turn results in compound formation at low
eralized valence bond melliod). The values between the triangles were inter- temperatures. Our calculation of 2 described above agree

" polated. with the sign of the enthalpy suggested by Srivastva er al.,
but the critical temperature required for such compound for-

is obtained for all reasonable values of the Ga-As and Al-As mation is, according to our calculations, much lower than

distance. The D calculated in Eq. (14) include all the bonds 600 "C Our calculaions, therefore, suggest that the ordered

between one anion and its neighboring cations. The relation structure observed by Kuan et al.'5 may not be the equllibri-
between ? in Eq. (14) and a in Eq. (10), was calculated using urn state of Al. Gal -, As.
the quasichemical model. 7 We assume that the contribution Finally, the elastic constants of Al. Ga -, As as a func-to the excess enthalpy of mixing is given by r fhrom each tion ofx have not been measured experimentally. Fortunate-

arsenic atom that is bonded to two gallium and two ahmi- ly, the strain in an A1 Ga1 _ As film grown on GaAs is so
.num atoms; 1/2 from each arsenic atom that is bonded to small that we can easily establish the fact that the strain

one cation of one kind, and three of the other kind, and 0 contributes less than 1 meV/formula unit to the total free
* from each arsenic atom that is bonded to four cations of the energy. The difference in lattice parameters between GaAs

same kind. If we further assume that all the configurations of and AlAs is extensively documented in the literature. Etten-

cations are equally probable [T= co in Eq. (8)], then the berg and Paff9 showed that the mismatch varies between

enthalpy of mixing per formula unit for the random alloy is 0.14% at room temperature, to 0.0% at approximately
given by . 950 ". We can, therefore, assume that above 600 "C,

:(4).(.x_[lx) ++ x(ll (a

3"+ (4)(1)Th ontr'bution ofthe strain for such a smaTl mismatch was
esnimated in the previous section to be on the order of 0.X (I +X meV per formula unit. Even if we allow an order of magni-

-22.x(-x)( +x-). (16) tude error in the estimate of the second derivative of C (x).x 2 ,

the contri'bution ofthe strainis still at most I meV. Such a
Ile polynomial (I + x- x)varies between l and 1.25 inthe
range 0 <x < 1. Thernfore, by comparing Eqs. (16) to (10), it small ontr'buti cannot affect the m ty properties,
follows that a ranges between 2 and 2.512, using this mode.. unless the enthalpy of mixing and the etropy-omixig..... "terms exactly cancel. This was shown not to be theca
Therefore, our calculations yield a value of a in the range
- 50<a < + 10meVper formula unit. This estimate is in-

cluded in the experimental estimate given in Eq. (13) in the V. SUMMARY AND CONCLUSIONS
separating (a > 0) range, but extends it somewhat in the mix- In this paper we have investigated the effect of substrate-
ing (a <0) range induced strain on the miscibility properties of an epitaxial

We now take the second derivative of the enthalpy ofmix- .film consisting of an alloy. This investigation was motivated
ing in Eq. (10) with respect to the concentration x to obtaina by the observed alloy clustering in Al. Ga _As grown epi-
value of - 2a per formula unit, which is more than - 50 taxially on GaAs. We have shown that in some cases the

.- meV per formula unit, using both our calculations and the miscibility properties of the film can be reversed by the strain
experimental data. This is almost an order of magnitude induced by the substrate. A miscibility gap could be opened

j. Va,. SdL TechnoL 5, VOL 3, No. 4, Jul/Aug 1985
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in the film even if no such gap exists in the bulk alloy, and the slow kinetics at 600-800 "C.
conversely, a miscibility gap in the bulk alloy could be closed
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Growth of superconducting V3Si on Si by molecular beam epitaxial
techniques

E. T. Croke, R. J. Hauenstein,l ) and T. C. McGill
California nsirite of Technology Pasadena, California 91125

(Received 26 April 1988; accepted for publication 6 June 1988)

Superconducting thin films (500-1000 A in thickness) of A 15 V3Si have been grown on
( 11 )Si substrates through molecular beam epitaxial techniques. V and Si are codeposited in a
feedback-stabilized, 3:1 flux ratio from dual e-beam evaporators onto clean, heated Si
substrates in an ultrahigh vacuum chamber. For the first time, the superconducting A 15 V3Si
phase is metastably fabricated directly on a crystalline Si substrate without the formation of
thermodynamically favored Si-rich VxSi, phases. Our films exhibit superconductivity only
within a narrow range of intermediate growth temperatures (centered near 400 "C),. with an
optimum T, of 12.5 K. X-ray diffraction shows the superconducting films to be polycrystalline
A 15 V3Si. For slightly higher growth temperatures (=530 C), Auger profile, x-ray, and
transmission electron microscopy measurements indicate the appearance of an intermediate
layer of roughly 1:1 V:Si composition. Our observations demonstrate that a growth
temperature near 400 C results in successful nucleation of the superconducting A 15 phase
while minimizing solid phase reaction with the substrate during V3Si growth.

Materials which crystallize in the A 15 structure have quired for SPR suicide formation ' were used, thereby

long been of interest for their superconducting properties. avoiding the problem of reaction with the substrate while

Recently, one of these A 15 materials, V3S has been shown retaining sufficient surface mobilities to allow formation of
to exhibit a close geometrical lattice match to (Il )SL' The the A 15 structure. For an appropriate choice of growth pa-

lattice match between V3Si and Si is shown in Fig. 1. There rameters, our V3Si films consistently exhibit superconduc-

we see that the ( I X 1) surface unit cell of ( 111 ) V3Si coin- tivity with T's as high as 12.5 K with sharp transitions (A 7"

cides in size almost exactly ( <0.4%) with a (,F3×X,3)R 30 =0.2 K). While all thefilms studied here proved to be poly-

surface cell of ( 11 )SL2 The nature of the chemical bonds at crystalline, we believe that this work takes the first step to-

such an interface appears favorable to epitaxy, although a ward achieving an epitaxial superconductor on SL
significant amount of reconstruction may be necessary. This The thin films studied here were grown in a custom-

lattice match, along with the recent advances in Si molecular built UHV system specifically designed for silicide growth.'o

beam epitaxy (MBE) which have made possible the fabrica- Silicon and a transition metal (in this case, V) are codeposit-

tion of epitaxial, single-crystal metalP (NiSi 2 and CoSi2) and ed at a predetermined flux ratio from dual e-beam sources

insulating' (CaF 2) films on Si invites the possibility of onto heated substrates A tungsten heater filament is used to

growth of multilayered device structures based on various
combinations of epitaxial superconductors, semiconductors,
normal metals, and insulators, on Si. V3Si-Si Lattice Match

Unfortunately, it has previously been impossible to sta-

bilize growth of V 3Si films directly on crystalline SL Studies
have shown that the thermodynamics' and (in some cases )
kinetics6 instead favor the formation of the most Si-rich va-
nadium silicide phase VSi2, on a crystalline Si substrate. In
particular, the V-Si phase diagram contains several V Si,

compounds, none of which exhibits superconductivity ex-
cept V3Si, the most V-rich (and in the presence of excess Si,
the least stable) phase-9 This previous work was based on symbi Atomic La Layer j

solid phase reaction (SPR) of thin V films with Si sub- * (,11)-S; 0 ...

strates". and also on SPR of sequentially deposited Si-V dif- - (111 )-vs S 1

fusion couples onto SiO2 or A120 3 substrates.' 7  I ( 1)-V 35 v 2

In this letter, we report the first successful fabrication of 0..... 1)-V3 S

superconducting V3Si films directly on a crystalline Si sub-
strate. Our V3Si films were fabricated by molecular beam . I. fltUatWmt the Itttici ntoh btSWSCn (111 VSad (111)5. strctwnm. For clirit. rely owe aumic layer of the Siand tree ofthe V35
codeposition of V and Si (3:1 flux ratio) directly onto heated we. or Ty. i cm a l o$boe SM and dan 6 P P v

are ~ ~ ~ ~~~ M haLhefdaiza rfCeutcell OfVASi$ abD lmOestY the
substrates in an ultrahigh vacuum (UHV) chamber. UeiW--the(4xv41m*=celoe( ll)Hawemiamoealy
Growth temperatures significantly lower than those re- 1/3oftheSatom ,-theatoumaVp (Corners ofterhmbm),

tbere at three tznlamaly equivalmt laimce matchl a". for each of
......... _.__._._these a pair of ISO maoM a twfns, makings toal of$s pona epiutal
" Present addrewu Hughes Rmearch Laborators, Malibu. CA 90265. Matches of VSi to a OM (11 1)Si sLrfae.
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radiatively heat the substrate. Substrate temperatures were 6
calibrated to the heater power level through observation of
Au/Si and AI/Si eutectics, giving reasonably accurate tern- 5
perature-power level correlation in the range 363-577 "C. E

Nominally, 500-100 . films consisting of a 3:1 ratio of E 4
V:Si were codeposited on (Ill)Si and (1102)AI0 3 sub- "
strates at a rate of 2.6 1/s. The fluxes from the dual e-beam o 3.
sources were closed-loop controlled using two quartz crystal ' Tg = 400 "C
sensors and monitors (Inficon model XTC) working in par- a_ 2
allel. A 3:1 V:Si flux ratio was calculated to result from a 'a
2.07:1 V:Si deposition rate ratio. Our growth rate for V3Si of
2.6 .A /s was calculated assuming that the V and Si deposition
rates were 2.1 and 1.0 -'s, respectively. Prior to deposition, 0
Si and A10 3 substrates were degreased in trichloroethylene, 12 12.5 13 13.5 14 14.5
acetone, methanol, and de-ionized water. Si substrates were
dipped in a 50% by volume solution of HF and de-ionized Temperature (K)
water in order to remove the oxide layer. The substrates were FIG. 2. Resistivity vs temperature data for a supercondurling VSi film on
outgassed at approximately 750 C, and Si substrates were (I 11)Si. The film shown becomes superconducting at T, = 12.5 K, with a
also exposed to a 0.5 A's Si flux in order to assist in the transition width (I0%-90%) ofapproximately0.2l. Rsistivity wasmea-

sured using the van der Pauw method and calculated assoming a film thick-removal of the oxide'": and to ensure an atomically clean Si ness of 1000o i
starting surface. Depositions were made in a low-hydrocar-
bon UHV environment with a base pressure of 8 X 10- "I
Torr and with typical pressures during growth of approxi- the figure, the compositional profile of the film consists of a
mately 5 X 10- ' Torr (dominated by H2 ). Following each single V3Si layer on Si, despite a somewhat broad interface.
codeposition sequence, the substrate was immediately al- Assuming the V3Si film thickness to be 500 A. we estimate

lowed to cool in order to minimize the amount of time that the interface width, after taking instrumental resolution into
the films were held at elevated temperature. account, to be approximately 140 A. In contrast, Fig. 3(b)

Our films were codeposited on Si substrates at tempera- shows the compositional profile of the sample grown at
tures between room temperature and approximately 600 C.
For comparison, similar codepositions wre also carried out
on "inert" A1.0 3 substrates. The films grown at room tern- 10 (a) To 400 T
perature appear mirror smooth, yet show no evidence of su- ' 80 .......
perconductivity on either substrate. Depositions made on "...
A12O3 at higher temperatures also appear mirror smooth 60 ""
and show increasing 7T, approaching bulk values for V3Si I
(17 K). Films grown on Si at temperatures in excess of 40

550"C have a cloudy appearance and show no evidence of 20
superconductivity. Growths on Si at lower temperatures
have surfaces that appear mirror smooth and have supercon- --------

ducting transition temperatures closer to 10 K. Figure 2 S - 0 - 200 400 600 800 1000
shows thep vs Tprofle for our highest T, sample on SL This E . .. S- f d Depth (Angstrom)
film was frown at approximately 400 "C to a final thickness o
of 1000 A. The data indicate that the sample undergoes a . 1

o100
superconducting transition at 7, = 12.5 K with a tansition . (b) T9  530 C
width of about 0.2 K. A more detailed presentation of the L...
effect of the growth conditions on the resultant material and .
electrical properties of vanadium silicide films on Si and .60
A 20 3 will be given elsewhere.' 3  -- " .

Seemann-Bohlin x-ray diffraction measurements on .

two similar, 500-A-thick superconducting samples, one 20 *.... - -

grown at 400 C and the other grown at 530 "C, indicate in' --

both cases the presence ofa polycrystalline film of A 15,.,S_. ,. ..
This is confirmed by cross-sectional transmission electron , ; 0 6.002 .;to,:. 60 0 0oo ....
microscopy (TEM) measm-ements which reveal a columnr . :- ,-. Spdored Depth (A om) ".-,

polycrystalline grain structure witha grain size of approxi- .--....- -:i . .:
mately 100-200 A. Composition versus depth informatii FIG. 3. AWnr poiId pufon for tw VA Esa, each a, ly
for these two samples was obtained with the use of A." 5g A ,,, w "re -, wme rme a (a) 400C md (b)appu-

mately 530"C. Compod co mio is ahip,- by ddzhin the m in
sputter depth profiling. Figure 3(a) shows the compsition (a) to be ately V .lbrood ham=mat prinssily frn rter.
profile for the sample grown at 400 C. As can be seen froui fsal roua (-00A)hdtsen iphL - .
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slightly higher temperature (530 "C). If we take the compo- The authors gratefully acknowledge C. W. Nieh forper-
sition of the top layer to be V3Si, as suggested by our x-ray forming the TEM studies, P. J. Ireland for making the Auger
and electrical measurements, we see the formation of an in- profile measurements, K. Miller for obtaining the x-ray dif-
termediate layer having a V:Si composition of approximate- fraction data, and H. V. Rudolph for assistance with thep vs
ly 1: 1. This intermediate layer is evidently due to a solid Tmeasurements. Also, we wish to thank 0. J. Marsh and A.
phase reaction between the depositing V3Si film and the Si T. Hunter for valuable discussions and assistance. Finally,
substrate. It is interesting to note that no "VSi" compound is the authors wish to acknowledge the partial support of the
present in the V-Si binary phase diagram, 9 and while a V6Si s  Defense Advanced Research Projects Agency monitored by
phase does occur, this phase is not stable below 1160 C. the Office of Naval Research under contract No. N00014-
Hence the chemical identity of the intermediate layer ii un- 84-C-0083 and the Office of Naval Research under contract
clear at present, though it conceivably could be metastable No. N00014-84-K-0501.
V6SiS.

The intermediate layer is also clearly evident in cross-
sectional TEM images, which reveal that the boundaries
between it and the substrate on one side and the V3Si over-
layer on the other are quite rough (1-00 A). This interfa- 'A. Zur, T. C. McGilL and M.-A. Nicolet. J. AppL Phys. 57, 600 (1985).2A more detailed discumion of the possibilities for a (II l)V3Si/(lll)Si
cial roughness (rather than interdiffusion) is probably the lattice match are given in E. T. Croke, PL J. Hauenstein. C. W. Nieh, and
origin of the broad interfacial transitions observed in the T. C. McGill, to be presented at the Electronic Materials Conference,
Auger profiles shown in Fig. 3. Thus, from the above results, Boulder, CO, 22-24 Jume 1988.
we see that a growth temperature of 400 *C minimizes the 3R. T. Tung, J. M. Gibson, and J. M. Poate, AppL Pbs. Lem 42, 888

(1983).reaction with the substrate, yet ensures nucleation of the 41L W. Fathauer and L.I. Schowalter, AppL Phys. Let. 45, 519 (1984).
superconducting A 15 V3Si phase on Si. 'H-L Kriutle, M.-A. Nimlet, and J. W. Mayer, J. AppL Ph- 45, 3304

In summary, with the use of modem molecular beam (1974).
of 6R. J. Schutz and L I. Testardi, J. Appl. Phys. 50, 5773 (1979).epitaxial growth tchniques and through a careful choice of 7P. A. Psaras, M. Eizenberg and K. N. Tu, Mater. Res. Soc. Symp. Proc.

growth conditions, we have successfully fabricated the meta- 37, 585 (1985).
stable A 15 V3Si phase on a crystalline Si substrate. Our 'K. N. Tu, $. F. Ziegler, and C. ]. Kircher, AppL Phys. Le. 23, 493
study demonstrates that the A 15 V3Si structure will nucleate (1973).a'haddeus B. Massalski, Joanne L Murray, Lawrence IL Bennett, andat unusually low temperatures during molecular beam co- Hugh Baker, eds., Biry Alloy Phase Diagrams, (American Society for
deposition onto a clean, heated substrate. Too low a growth Metals, Metals Park. 1986), Vol.2, p. 2061.
temperature results in the failure to form the superconduct- 't. J. Hauenstein, Ph.D. thesis, California Institute of Technology, 1987.
ing A 15 structure, while growth at higher temperatures re- "M. Tabe, Jpn. J. AppL Phys. 21, 534 (1982); K. Kugimiya, Y. Hirofuiji.and N. Matsuo, ibid. 24.564 (1985).suits in a reaction between the depositing film and the Si 'a2C. F. Huang R. P. G. Kanma.ii, K.L Wang, and T. W. Kang in Pro-
substrate. Although we have not yet been able to achieve cedings of the 2nd Inronational Symposum on Silicon .Molwdar Beam
epitaxy, the results obtained here suggest that the appropri- Epitaxy, edited by Jol C. Bean and Leo J. Schowalter (The Electro.
a rwth template coupled with the appropriate sutrate chemical Society, Pennmgton. 1988), p. 501.
ate grow "E. T. Croke, R. J. Hanastein, C. W. Nieh. and T. C. McGill. to be pre-
surface preparation may result in epitaxial growth of sented at the ElectronicMaterials ConfereneBoulder, n-, 22_24 June
(I 11)VSi on (111)Si in the future. 1988.
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Growth and Characterization of Superconducting V3Si on Si
and A120 3 by Molecular Beam Epitaxial Techniques

E. T. CROKE, R. J. HAUENSTELD,* C. W. NIEH and T. C. McGILL

California Institute of Technology
Pasadena, California 91125

A study of the growth parameters governing the nucleation of metastable supercon-
ducting A15 V3Si on Si and A120 3 is presented. Nominally, 500A films of V1 _=Si, were
produced through codeposition of V and Si onto heated (111) Si and (1102) A120 3 sub-
strates. Samples were prepared in a custom-built ultrahigh vacuum (UHV) chamber
containing dual e-beam evaporation sources and a high temperature substrate heater.
V and Si fluxes were adjusted to result in the desired average film composition- V 7 SioM
films prepared at temperatures in excess of 550) C on Si show significant reaction with
the substrate and are nonsuperconducting while similar films grown on A1203 exhibit
superconducting transition temperatures (T) approaching bulk values for V3Si (16.6-
17.1 K). Codeposition at temperatures between 350 and 550° C results in supercon-
ducting films on Si substrates while growth at lower temperatures results in nonsu-
perconducting films. Lowering the growth temperature to 400 ° C has been shown through
ex situ transmission electron microscopy (TEM) and Auger compositional profiling to
minimize the reaction with the Si substrate while still activating the surface migration
processes needed to nucleate A15 VaSi. Variation of film composition about x = 0.25 is
shown to result in nonsuperconducting films for high x and superconducting films with
T, approaching the bulk V value (5.4 K) for low x. Finally, lowering the Vo 75Sio. de-
position rate is shown to raise T,

Key words: Silicide, superconductor, V3Si, codeposition, epitaxy, UHV, MBE

L INTRODUCTION Unfortunately, previous work on solid phase re-action (SPR) of V-Si diffusion couplese' and SPR of

Recently, much excitement has been generated thin V ms on Si substrates 6 has demonstrated
the scientific community due to the discovery of that V3Si is unstable on crystalline Si as samples

materials which exhibit high superconducting tran- have a tendency to react further, resulting in growth

sition temperatures. It is now well known that these of the nonsuperconducting phase, VSi2. In view of

materials possess a highly layered structure resem- these results, our experiments have included the use

bling, to a certain extent, a superconductor/insu- of A1203 substrates in addition to Si substrates since

lator superlattice. Our work with the VSi/Si se we can safely assume that the depositing V,_ Si1 film
has been motivated by the possibility of fabricating will not react with the A120 3.
such a structure and, perhaps, gaining control over I t paper, molecular beam epitaxial (MBE)
the structural considerations governing T. in the new gnothiuap er e use to pd s e)superconductors. In addition, superconductor/semi- growth techniques were used to produce supercon-
conductor epitaxial sructures may be of consider- ducting A15 V3Si films directly on a crystalline Si

substrate. Simultaneous growth on Si and Al 2 3
able interest in novel electronic device applications, substrates at temperatures in excess of 550r C re-

Besides being a simple binary system, V3Si/Si also
has eenshon tohav a ery los ~ie ~sult in nonsuperconducting films on Si 'while thehas been shown to have a very close lattice match corresponding films on A1203 exhibit superconduc-

on the (111) surface. Successful epitaxial growth crepy film on A he bit sueronucof VSi n Siwoud geatl enanc thechaces tivity with To approaching the bulk value for V3Siof VsSi on Si would greatly enhance the chances (16.6-17.1 K7). Further analysis of the growth

of growing layered superconductor/semiconductor (16.6-17.1 de.Futen a of te ostrctues.ZuretaL. have shown tht(1)VS temperature dependence of T0 for depositions on
structures. Zur et VSi Si indicate the presence of a plateau region of su-
matches to (111) Si to better than 0.4%; however,
the two-dimensional unit cell size on the (111) Si condutivitl betwen 3 and 550 C. - Agersurface is relatively large (three times the area of compositional profiling and transmission electron

microscopy (TEM) have been used to characterize
- the* fundamental unit cell) since the edges of the cell the quality of the films and identify the supercon-

connect second nearest neighbor atoms as opposed ducting material. Studies of the dependence of T.
* to first nearest neighbors. As a result, the question on Si concentration, x, reveal that a maximum oc-

of whether or not VSi can be grown epitaxially on
ecoSi is important from bo prepared on Si are nonsuperconducting and for lowS technological point of view. 1.4r

x, T, approaches the bulk value for pure V (5.4 K).
*Permanent Address: Hughes Research Laboratories, Mi, Finally, decreasing the growth rate is shown to re-

CA 90265. sult in improved film quality and the highest T, ob-
(Received May 1, 1989; revised Augut 14, 1989) served for a 500A V3Si film on Si (13.5 K). -"
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II. EXPERIMENTAL the wafer temperature to change during deposition.
We have attempted to address these factors by care-The samples prepared for this study were coe fully reproducing heater power levels and temper-

posited from a Thermionics dual e-beam source in atcing ter oer t e n

a custom-built ultrahigh vacuum (UHV) chamber nure ramping times from ran to run.

with a base pressure < 8 x 10" Torr and typical Once we determined that we could consistently

growth pressures of approxinately 5 X 10-9 Torr. grow superconducting V3Si on Si, we discontinued

The growth system has been adequately described use of the A120 3 substrates. The study of the effect
elsewhere.' Two Inficon (model XTC controllers were of Si concentration on T, used a modified substrate

elswhee.'TwoInico (mdelXTC cntrlles wre cleaning procedure and employed the growth of a

independently used to maintain closed-loop control cleai buffere at aployedate 7r0° o a

over the V and Si deposition rates. Rates were cal- 100A Si buffer layer at approximately 760r C in-

ibrated using a Tencor Instruments alpha-step 200 stead of the high temperature outgassing. Prior to

stylus profiler. Nominally, 1000A V or Si were de- growth of the samples used in the study of growth

posited on AL0 3 substrates and the thicknesses were rate versus T, the substrates were heated to ap-
measured at-four different spots on the wafer. The proximately 8600 C and were exposed to a 0.1A/sec
mspred the muriremntss iniathed a er. Si flux for 30 sec." 0 Subsequently, a 200A Si buffer
spread in the measurements indicated an uncer-. layer was grown at 7600 C. Changes in substrate
tainty of about 5 percent in the final thicknesses. cleaning procedure were intended to improve the Si

The deposition rate ranio, r,/rsi, was calculated from claig prceur weeitneoiproeteS
the epossion starting surface, with the objective of obtaining an

eexpression atomically clean surface. At present, we do not have

r, I - x ps1 Mv the capability of characterizing this surface in situ

(1) aside from visual inspection. Fortunately, subse-
rsi X pvMsi quent TEM was able to show that most of the Si0 2

was indeed removed. The sample set described in

where x is the molar fraction in Vi_ Si,, psi and Pv this study is presented in Table I.
are the densities, and Msi and Mv are the molecular
weights of Si and V, respectively. For x = 0.25 (the
Si concentration appropriate for V3Si growth), the II. RESULTS AND DISCUSSION
ratio, r/rsi = 2.07, was calculated from Eq. (1). This
ratio changed, of course, when we varied the Si con- Our initial attempts at growing V3Si involved si-
centration in the depositing film. In practice, ac- multaneous deposition onto (111) Si and (1102) A1203
curate rate control over a few angstroms was dif- substrates which had been first outgassed in situ at

ficult to achieve, especially at low deposition rates approximately 8000 C. V and Si were codeposited in

since instantaneous rate fluctuations in the e-beam
process could be as large as 0.3A/sec; however, at Table I. Vl-,SLSi sample characteristics.
the growth temperatures used in this study, the at- Samples 1-9 were used in the study of T. vs. T,.
oms have sufficient thermal energy to blur the ef- The dependence of T, on composition x was

fect of these fluctuations. As a result, we have cho- determined through a study of samples 5 and 10-

sen to calculate our compositions using the final 13, and samples 14 and 15 were used to investigate

thicknesses of the constituents in Eq. (1) instead of the effect of deposition rate on T,=

the rates. Propagating the uncertainty in the thick- Thick-
nesses through the calculation results in an uncer- Sam- Sub- ness
tainty in average Si concentration of about 1%. . ple" strate(s) (A) x (%Si) T, C' C) T (K)

Depositions were made onto heated (111) Si and 1(a) (111) Si 5000 0.25 25 -
(1102) A1203 substrates which had been first de- 1(b) (1102) A12% 5000 0.25 25 -
greased in trichloroethylene, acetone, methanol, and 2 (111) Si 500 0.25 305 -

then rinsed in de-ionized water. After this degreas-. 3 (111) Si 500 0.25 350 8.4
ing procedure, the Si substrates were etched in a 4 (111) Si 500 0.25 380 9.8
50% HF solution to remove Si0 2, rinsed once again 5 (111) Si 500 0.25 400 9.8
in de-ionized water, and immediately loaded into the 6(a) (111) Si 500 0.25 500 9.6
UHV chamber. Samples prepared for the study of 6(a) (1102) A12%3  500 0.25 500 10.6

. 7(a) (111) Si 500 0.25 530 -:9.9
growth temperature versus T, were outgassed 'a 7(b) (1102) A12% 500 0.25 530 9.8
at approximately 800" C. Growth temperatures we 8(a) (111) Si 500 0.25 565 -

calibrated through observation of Au/Si and Al/Si 8b (1102) A12% 500 0.25 565 ... 13.1
eutectic reactions in situ, and correlated to heater 9(a) (111) Si 525 0.25 640
power levels, assuming a T dependence. At the eu- 9(b) (1102) A12%3  525 0.25 640 14.6
tactic points, the calibration is exact, assuming the 10 (111) Si 500 0.20 400 5.4
eutectic reactions occurred at the correct tempera- 11 (111) Si 500 0.22 400 :=7.0

tures (3630 C for Au/Si and 5770 C for Al/Si). Still, 12 (111) Si 500 0.27 400 '-111

we estimate our substrate temperature calibration 13 (111) Si 500 0.30 400 -: -

to be accurate only to within 25" C. Other factors' 14 (111) Si 500 0.25 400 12.2

are also present which may affect actual substrate 15 (111) Si 500 0.25 400 13.5

temperature. For instance, thermal drift due to Sample pairs denoted by (a) and (b) involve simultaneous de-

heating of the substrate heater itself could cause position onto Si and AW30, substrates.
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a 3:1 flux ratio at various growth temperatures and -' .- ._

T, was measured with a germanium-diode ther- , -
mometer while the sample was held over liquid He. - .- .
Growth rates and final thicknesses were chosen to - -' " .
result in the growth of a 500A V3Si film at a rate * , , "
of about 2.6A/sec. Figure 1 shows the dependence , ..
of T, on Tg observed in this study. Samples pre- .g• wJ 0- S - •
pared at temperatures in excess of 5500 C are non- -.. .,
superconducting on Si and have T, approaching the -.

bulk value for V3Si (16.6-17.1 K) on A12 0 3 sub- ..
strates. (Presumably we might obtain a higher T, " '5,4 • . .
on A12 0 3 if we had chosen to investigate growth at - . "n
higher temperatures. Higher growth temperature eta P _ 0 0
would give the depositing atoms more energy and .. "

fieedom to nucleate larger grains. Our purpose here, . .0.
however, is to study growth on Si.) Films grown on , - *, " "
Si do not superconduct unless the growth temper-
ature is between 350 and 5500 C. Room tempera- (a)
ture depositions do not superconduct on either sub-
strate, presumably because the surface migration of
the depositing atoms is insufficient to form the A 15
structure. Therefore, we find a plateau region be-
tween 350 and 550 ° C where A15 V3Si can be grown
directly on a (111) Si substrate with T, near 10 K.

Transmission electron diffraction (TED) and plan
view TEM have confirmed the presence of poly-
crystalline A15 V3Si in our samples. Figure 2(a) is
a plan view TEM of a 500A film grown at 400 C
(sample 5). The polycrystalline nature of the sur-
face layer is clearly evident in the image and the

14
0 (b)

2- 12 Fig. 2 - a Pla. :-EM showing ra.domly o.n-.:-d grains
from a 5 zA VS. :-own on ,111 _i at 400 _ ample 5).

40 The grair size 4es--:ed to range be-ween I0, _- 200A in
10 the plane of the 1n: b):e.,b Transmizzion elec-:- af faction

*patern along t "- :one axis norma' to the _.-ace of the
* sample _tudied - -:.ngs surroundirr "he tra-sZt:ed beam
0. Icentra; -zpot; were z .. ed and are due -o polvc.-.alline A15
E 8 V;Si. Rinz_ sur = diffraction spots due to :-e substrate
Q result from mul::.- _-:ering from the film and -he substrate.

C 6

"- grain diameter iS -'mated to range from :00-200K
4 4 Further evidenc- the presence of pol::.-:;stalline

V3Si iS prese- ,e Fig.2(b). This image is the elec-
tron diffraction :--ern. from the sampl- analyzed

2 for Fig. 2f a) wv= -he electron beam al' .- "_ed along
the 111, zone ax:_; normal to the surface. The rings
surrounding the :r_._smitted beam 'centrrn spot) have

0 been indexed an' -re due to V3Si. Multi:ze difac-
0 100 200 300 4O0 500 600 II0 tion is responsic.i :)r the rings observed azound the

Growth Temperature (0C) Si substrate diffra..:on spots. It is apparen: from this
Fig. 1- ReIsults from T. measurements on 500A V*,Simfrilms pattern that the "5i grains are random.- oriented
grown on (111) Si and (1102) A120 3 substrates. Samples grown with respect to :-. substrate.
on AlO 3athightempoatmhave T approaching the bulk value Two 500A V 5. .smples grown on (11 Si (sam-
for V3Si (16.6-17.1 K). Growths on Si react considerably with pies 5 and 7, c - re selected for further analysis
the substrate at growth temperatures in excess of 55' C, yet, usin-7 .-- ,,zer c:.ional profitinz. Cali'ration was
between 350 and 550* C, superconducting A15 V3Si is nucleated po.i.
with a T, typically near 10K. Films grown at room temperature achieved by def -.. g the surface layer :o be accu-
do not superconduct on either substrate. rately VSi. The :e-_ults are presented in. Fig. 3. In
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Fig. 3 - Auger compositional profiles from two nominally 500A
V3Si samples grown on (111) Si (samples 5 and 7(a)). (a) The
sample grown at 400* C has a sharp interface with the Si sub-
strate indicating that minimal reaction has taken place. The dif-
fuse nature of the interface is due entirely to limitations asso-
ciated with instrumental resolution. (b) A growth temperature
of 5300 C is shown to result in significant reaction with the sub-
strate producing an intermediate layer with a 1: 1 V:Si average (b)

composition. F~g. 4 - Cros- . I performc. . Dn -he ' amples de-

scribed in F.g crystalline ;: , a:.- Ind a poly-
cr.'stalline V3S : r is shown to ":r.r a s'.-: :nterface in

Fig. 3(a), a film grown at 4000 C is shown to be corn- the sample grow -. - -)C. tb, For -rowt- :-.erature of
530: C reaction .%:-. Si substrate produced a -c.'staline

posed entirely of V3SL The diffuse nature of the in- intermediate la-. 7 .s appear to be :olumrnar .. oth (a) and
terface with the Si substrate is due to instrumental (b. with typica anging fro :00-2C,,.

broadening. Figure 3(b) suggests that significant
reaction with the substrate has occurred for a sam-
ple grown at 530* C producing an intermediate layer only about !t,,.1CA. .- e can safely assume t-at buffer
composed of V and Si in a 1:1 average composition. layer qualit: : the limit:nz factor .n our at-
It is interesting to note that the binary phase tempt to obt.-:n -:2axial V3Si. In addi::-., the im-
diagram" for the V-Si system does not include a age shows r.: e-.:ence of reaction w:-, the sub-
NVSi" phase and that although a VGSi 5 phase does strate since -re :.-:erface appears very _-narp. The
exist, it is not stable below 1160 C. Unfortunately, 530; C samp.e S::.vn in Fig. 4,b1 has 0i 4ously re-
a plan view TEM specimen was not prepared for this acted with the 5: substrate. One can cle :__-lv distin-
sample so it was not possible to identify the com- guish two pol:.-stalline layers in tis image,
position of this intermediate layer although it could thereby corrcbort::.ng the result presen-ed in Fig.
conceivably be metastable V&Si5. 31b . The crvs:a.::s appear columnar in these im-

Cross-sectional TEM was also performed on these ages with tyttica. _rain diameters betw--n 100 and
samples and the results are presented in Fig. 4. In 200A in agreerne_: with our plan view :-age pre-
Fig. 4(a), the Si buffer layer and the polycrystalline sented in Fiz. 2 a Therefore, we conc.: that, by
V 3Si overlayer from the sample grown at 4000 C are lowering the -. "-h temperature to ai : .at 400° C,
clearly visible. The buffer layer is indeed epitaxial a polycrystal'.e. i:perconducting V3Si -::'m can be
despite the contrast present in the image. Unfor- grown metas-a :- directly on crystal:.-. Si with
tunately, it appears to contain a higher than de- minimal reac:, : :.ith the subztrate.
sired density of extended defects (spaced by several In addition .:dying the dependen: a of T,, on
thousand A). However, since the V3Si grain size is growth teme ra- . . we also ir.vezzti gate the effect
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of film composition on T,. Depositions were made only about 0.8A/sec. Although this result is en-

at our previously determined optimal growth tern- couraging, further work will be necessary if epitax-

perature of 4000 C and deposition rates were mod- ial V3Si on Si is to be realized.

ified to provide a V:Si flux ratio that varied from
4:1 to 7:3 (20% to 30% Si). Figure 5 shows that, for
high V concentrations, T, drops to about 5.4 K, the CONCLUSIONS
accepted value for pure V, suggesting that pure V
has segregated out of the depositing layer. As the Through the use of modern molecular beam epi-
Si concentration is increased, we see a maximum in taxial growth techniques, superconducting VsSi films
the T occurring nearsx = 0.25 as might be expected have been successfully grown directly on a crystal-

the , ocurrng ear = .25as mghtbe epeced. line Si substrate. A study of the growth parameters
For x - 0.30, samples are typically non-supercon-
ducting, indicating that a non-superconducting governing nucleation of V3Si on (111) Si has also

V _lii phase has segregated out of the Si-rich films been conducted. Growth temperature has been shown

in the same way that pure V segregated out of the to strongly affect the nature of the deposited film.

V-rich films. So far, TEM specimens have not been A temperature of 4000 C seems to produce the high-

prepared in order toverify this conclusion. This study est quality VaSi while minimizing reaction with the

has shown that a Si composition of approximately Si substrate. Additionally, for Si concentrations dif-

has shown reslth t hi p st qferent from x = 0.25, T, begins to degrade due to
0.25 results in the highest quality supercon- segregation of inferior materials from the A 15 V3Si.

Several oA V3S i samples have been grown at Lowering the growth rate has been shown to in-

400' C in an attempt to study the effect of growth crease T, although strict stoichiometric control has

rate on T, but unfortunately have yielded some- been difficult to obtain. Finally, though our results

what inconclusive results. Since fluctuations in de- have not yet indicated epitaxial growth, the use of

position rate become more significant at lower rates, more refined growth procedures may result in epi-

it becomes increasingly difficult to maintain tex taxial (111) V3Si on (111) Si in the near future.

act 3:1 V: Si stoichiometric ratio. Deposition rates
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